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List of Key Terms and Abbreviations 
Several key terms in this thesis are defined as follows 
- coating (c q adsorption) is the adherence of peptide molecules to the polystyrene well of the 
microtitration plate, 
- activity is defined as the percentage of adsorbed peptide molecules which is capable of binding 
the specific antibody, 
- binding capacity is the amount of active peptide molecules adsorbed to the polystyrene surface, 
determined by the combined influence of adsorption and activity and "shown" (relative 
comparison between peptides) as the level of antibody binding in ELISA when affinity is 
excluded (in chapter 2, the term binding capacity is used in the meaning of ELISA-response), 
- affinity is the strength of the binding interaction between the peptide molecules with its corre­
sponding antibody in solution (equation I, 2), 
- functional affinity is the strength of the binding interaction of the adsorbed peptide molecule 
with its corresponding antibody (without the influence of multivalence or anv other limiting 
experimental condition such as bivalent binding, stenc hindrance or severe diffusion limita­
tions), 
- ELISA response is the final ELISA signal representing the combined influence of adsorption, 
activity and affinity, and finally 
- antigenicity is the ability of an antigen to bind the corresponding antibody 
Ata 
ΒΙΑ 
BSA 
ßCTP 
CMV 
EC«) 
ELISA 
HBeAg 
hCC 
HBV 
HCV 
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acetyl-thio-acetyl 
biomolecular interaction analysis 
bovine serum albumin 
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peptide concentration in the coat solution 
at 50% of the maximum ELISA signal 
enzyme linked immunosorbent assay 
non-particulare e-antigen of the hepatitis 
В \ írus 
human chorionic gonadotropin 
hepatitis В virus 
hepatitis С virus 
human inumino deficiency virus 
HRP 
H PLC 
IgG 
Mab 
MAP 
OD 
ОТ 
PBS 
PS 
RU 
SAM 
SD 
SPR 
horse radish peroxidase 
high performance liquid 
chromatography 
immunoglobulin G 
monoclonal antibody 
multiple antigen peptide 
optical density 
Organon Текшка 
phosphate buffered saline 
polystyrene 
resonance units 
sheep-anti mouse IgG 
standard deviation 
surface plasmon resonance 
Abbreviations and symbols for amino acids and peptides are in accordance with the 
recommendations of the IUPAC-IUB Joint Comnusion on Biochemical Nomenclature as given 
in Eür / Biochem B8,9(1984) 
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General Introduction 
Antigens and antibodies are leading players in the constant fight between foreign intruders and 
the natural human defense system They are also essential tools in clinical immunodiagnostics, 
research and medicine 
Antigens enter the human bod) in the shape of viruses, bacteria, fungi and parasites to in­
fect their host The immune svstem protects us from in)ury bv a humoral strategy which is 
roused when B-cells recognize the antigens through a membrane immunoglobulin, which is 
called an antibod\ As a result, many antibody molecules are released bv the expanded B-cell, 
which are capable of specifically binding to the antigens These antigen-antibody complexes 
trigger further immune reactions, ledding to inactivation and elimination of the foreign anti­
gens 
The appearance of specific antibody molecules in human sera usually proves that a person 
has encountered an infectious pathogen Thus, the ability to rehablv measure the humoral re­
sponse bv means of "artificial" antigens lies at the basis of immunodiagnostics For some 25 
years now, the ma]or svstem to measure the humoral response is the enzvme-hnked immuno­
sorbent assay (ELISA) and is likely to remain the in vifro testing system for some time to 
come 
1.1 ELISA 
In a historical perspective, the ELISA technique emerged in the early 70s at the expense of the 
radioimmunoassay (RIA) The safety aspects, convenience, and the potential sensitivity of the 
ELISA were ma|or advantages over the radioimmunoassay The starting-point was the intro­
duction of enzymes as signal generators, with plastic test tubes serving as a solid-phase 
(Engvall et al, I971, Van Weemen and Schuurs, 1971) The invention of the polvstvrene 
nncrotitration plate (96-wells) as the solid-phase m combination with automated readers and 
multiple well washers accelerated the popularity of the ELISA technique 
A typical ELISA method to detect or quantify antibodies is based upon the following prin­
ciple The antigen of interest is adsorbed to the polvstvrene wells by simple incubation of the 
antigen solution in the microtitration plate wells (ι e the process of coating) A postcoating 
[ 1 ] 
[ C H A P T E R 1 ] 
step with an indifferent protein molecule prevents false positive jssay results bv the coating of 
non-specific antibodies In the subsequent step the test sample (serum of patient) is added to 
the antigen-coated microtitration plate After incubation, bound antibody molecules are 
detected by using enzyme-labeled anti-immunoglobuhns After ever) step, bound and free 
molecules are separated by a washing procedure (An overview of ELISA techniques is given bv 
Porstmann and Kiessig, 1992, Kemeny and Chantier, 1988 ) 
The performance of an immunoassay depends on the selection of the reagents and 
materials In ELISA the capacity of the microtitration plate for the antigen and the quality of 
the antigen, antibody and enzyme-labeled antibody all determine the specificity and sensitivity 
of the test However, "the ELISA can only be as good as the solid-phase antigen being used", as 
stated by Butler (1992) 
The first generation of diagnostic screening assays was generated with antigens based on 
whole cell or virus ly sates or bacterial sonicates The diagnostic relevance of these crude 
materials was questionable Besides, the production of sufficient material and reproducibility, 
in terms of quantity and quality were ma|or problems Recombinant protein antigens in the 
second generation eliminated a number of these disadvantages, although extensive purifica-
tion was still necessary to avoid false positive reactions By mimicking the antigen with a well-
defined synthetic peptide, as in the third generation tests, the best differentiation between 
positive and negative serum samples was achieved since irrelevant sequences were not present 
any longer and sensitivity was maintained (Dopel et al, 1991, Lacroix et al , 1991, Yu et al, 
1996a and 1996b, Ivanov et al , 1992) 
At the same time, most authors report significant loss of sensitivity when peptides instead 
of proteins are used as the antigen (Neurath et al, 1982, Fargeas et al , 1996) Still, synthetic 
peptides provide a pathogen-free and relatively inexpensive means of delivering key antigenic 
determinants Peptides also offer more possibilities to control the presentation of the (multi-
ple) antigenic parts to the antibody and exclude biological variability 
A substantial part of this thesis deals with the use of synthetic peptides as immobilized 
antigens in ELISA and ways to improve the sensitivity in ELISA 
1.2 ANTIGEN STRUCTURE 
Although simple chemical molecules, nucleic acids, and carbohydrates can act as natural anti-
gens (anfibodv generators), in most cases the antigen molecule is a protein molecule Proteins 
are built up by what is generally a unique sequence of 20 different annuo acids, called the pri-
mary structure The side chains of the amino acids vary m size, shape, charge, hydrogen-
bonding capacity and chemical reacti\ ity Different regions of the sequence form local regular 
secondary structure, such as alpha-helices or beta-sheets The tertiary structure of a protein 
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arises when these structural elements fold, as a result of intramolecular associations, to 
generate a compact globular domain with a specific three-dimensional structure The final pro­
tein ma\ contain several poKpeptide chains arranged in a quaternary structure 
The antigenic reactivity of a protein (ι e the abihtv to bind an antibody) resides in 
restricted parts of the molecule, known as antigenic determinants or epitopes Each epitope 
corresponds to a cluster of ammo acid residues that can be related to a short segment of the 
primary structure of a protein, the so-called continuous or linear epitope The so-called discon­
tinuous or conformational epitope is made up of residues which are widely separated in the 
pnmar\ structure, however, come together in the three-dimensional structure of the protein 
(Sela, 1969, Barlow et al ,1986) 
Atassi et al (1975, 1984) proposed that only a few epitopes can be found on the outer 
surface of the protein But it is now generalh accepted that the complete surface is potentially 
antigenic (Ben|amin et al, 1984, Berzofsks 1985, Leach 1983) The intrinsic properties of the 
protein molecule such as accessibility h\drophihcity, mobility, and profusion can be used as 
predictors of antigenicity sites (Hopp and Woods, 1981, Tamer et al, 1984, Novotny et al, 
1986, Thornton et al, 1986) The predictive value of these parameters, however, is limited 
(Van Regenmortel, 1989) 
1.3 ANTIBODY STRUCTURE 
The antibody molecule of the class IgG (see below) is a protein structure which is assembled 
from two copies of two poKpeptide chains the light chain (— 25 kD) and the heavy chain (— 
50 kD) Each light chain and the first half of each heavy chain pair to form two Fab domains, 
while the carbox)l ends of the heavy chains pair to form the Fc domain The light and heavy 
chains are covalently bound by interchain disulfide bonds The resulting antibody is a flexible 
Y-shaped molecule (~ 160 kD) Each of the upper arms (Fab domains) contains an identical 
antigen binding area at the amino end Tins binding site is formed by six loops (three from 
each chain), called complementarity determining regions (CDRs) or hvpervanable loops The 
lower arm (Fc domain) is responsible for the effector functions of the immune system The 
hvpervanable loops, situated between a InghK conserved ß-sheet framework structure, are 
higlih variable in size, shape and charge in order to recognize the enormous repertoire of anti-
gens The greatest structural diversity is found in the loop most central to the antigen 
combining site, the CDR3 of the heavy chain (Hoogenboom, 1997, MacCallum et al, 1996) 
In general 4 to 6 loops are utilized for antigen binding 
Each antibodv belongs to one of the five immunoglobulin classes as determined b\ the 
heavy chain type, of which the immunoglobulin С (IgG) is the most abundant in normal 
human serum Furthermore, the humoral response of a host (antiserum) always contains a 
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mixture of antibodies which recognize different epitopes These so-called polyclonal antibodies 
thus recognize the same antigen differently according to surface area and/or affinity 
In contrast, a monoclonal antibody preparation, made possible by the invention of the 
hybridoma technology (Kohier and Milstein, 1975), only contains one population of antibodies 
with respect to specificity and affinity This technique involves the fusion of a single B-cell 
from the spleen with a mouse tumor cell resulting in immortal hybndomas producing a single 
type of antibody of defined specificity Appropriate screening of hybndomas for desired anti-
body characteristics excludes most inevitable disadvantages of polyclonal antibody fractions 
such as low affinity, cross reactivity, limited supply, variable quality, and low concentration 
Therefore, monoclonal antibodies are useful tools in epitope identification, the development 
of immunoassays (reviewed by Chappey et al, 1992) and the study of fundamental aspects of 
the antigen-antibody interaction A more recent development is the antibody phage display 
technique which allows the m vitro production of antibodies (or antibody fragments) with 
engineered affinity and specificity (Hoogenboom and Winter, 1992, Pluckthun, 1992, reviewed 
by Hoogenboom, 1997) This neyv antibody-generating technology completely bypasses the 
immune system as a random mutagenesis and selection device 
1.4 EPITOPE IDENTIFICATION 
It is important to remember that the epitope is a relational concept since it only exists by 
virtue of its relationship with the complementary antibody (Van Regenmortel, 1989) Involve-
ment of the specific antibody is therefore necessary to produce an "epitope map" of the 
protein antigen 
When the amino acid sequence of the protein is known, small synthetic peptides can be 
synthesized, usually by Fmoc chemistry (Mernfield, 1963, an overview of peptide synthesis is 
given in Fields and Nobel, 1990), covering the whole protein sequence For epitope mapping 
this strategy was first introduced by Gey sen et al (1984), who simultaneously synthesized over 
100 peptides on polyethylene pins to investigate the specificity of antibodies towards linear 
epitopes in an ELISA-based assay Most epitopes, however, are discontinuous, linear epitopes 
are often located in protein turns and loops (Barlow et al , 1986), as well as in the N- and/or ex-
terminai regions of the polypeptide chains (Van Regenmortel, 1992-1, Hodges et al, 1988) 
When the epitope is indeed discontinuous or when the amino acid sequence is not known, a 
peptide library with random amino acid sequences can be helpful (Geysen, 1985) This 
defined epitope sequence, however, is referred to as a mimotope since this peptide will only be 
structurally related to the epitope, not in amino acid sequence The work of Geysen and co-
workers has subsequently been generalized by many other research groups to develop tech-
nologies that allow hundreds to millions of compounds, e g peptides, to be synthesized in 
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parallel These large collections have been termed combinatorial libraries Due to 
developments in molecular biology, these combinatorial libraries have also been displayed on 
the surface of a bacteriophage and other display vectors (Cortese et al , 1994, Au]ame et al, 
1997) An overview of present epitope mapping protocols is given by Morns (1996) 
Various functional binding assays revealed that in general sequences of 3 to 8 amino acid 
residues were involved in the binding of the antibody (Hodges et al, 1988) Structural analysis 
of epitopes by X-rav diffraction of crystallized antigen-antibody complexes indicated that the 
epitope is about 650 to 900 Â2 large and that 15-22 amino acid residues on two to five loops of 
the antigen interact with antibody residues (Van Regenmortel, 1989, Laver et al, 1990, Davies 
and Cohen, 1996) Systematic replacement studies of these large epitopes in functional bind-
ing assays, however, showed again that only three to eight residues, not necessarily in linear 
order, energetically contribute to the binding of the antigen and the antibody (Jin and Wells, 
1994, Pearch et al , 1996) Substitution of residues that are not in contact at the interface 
between epitope and the antigen-combining site have also been found to affect the binding 
affinity significantly (Van Regenmortel, 1996, Greenspan and Cooper, 1995, Hawkins et al, 
1993) Such findings demonstrate that a different analytical approach -structural versus func-
tional- leads to different perceptions of what residues constitute the epitope (Van 
Regenmortel, 1989) 
Along with the development of specific diagnostic tests, knowledge of the epitope compo-
sition may be useful for a wider range of immunochemical applications, particularly for the 
stud\ of the antigenic structure of the protein, the production of (anti-peptide) antibodies 
with preselected specificity, and the production of synthetic vaccines (Patarrayo et al, 1988, 
Valero et al, 1993) 
1.5 ANTIGEN-ANTIBODY REACTION 
The specificity and affinity of the binding between the antigen and the antibody primarily 
involve "local" forces such as hydrogen binding, van der Waals contacts, and electrostatic 
interactions (Van Regenmortel, 1992-11, Stanfield and Wilson, 1993) Two opposing views, 
however, deal with the mechanism of immunological recognition (1) the lock-and-key model 
m which antigen and antibody bind m a rigid manner, or (2) the induced fit model in which 
complex formation is guided by mutual adaptations to form a more complementary fit 
Numerous studies of free and complexed three-dimensional structures of peptides and Fab or 
Fv fragments (only the variable region of the antibody) generally support the hypothesis that 
binding occurs through a process of induced complementarity involving side-chain movements 
of the ammo acids and possible movement of the backbone conformation in antigen and 
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antibody (Stanfield et al, 1990, Wilson and Stanfield, 1993, 1994, Churchill et al, 1994, 
Stanfield and Wilson, 1994, Braden et al , 1996, Sheriff et al , 1996) 
In contrast to proteins, short linear peptides (< 20 residues) in solution usualh do not 
have a single conformation, but exist in a large number of conformations in dynamic equilib-
rium (Zhong and Curtis-Johnson, 1992, Li et al , 1995) So far, structural information has been 
unable to establish whether the conformational change that peptides undergo on binding to 
the antibody results from the antibody having selected one peptide conformation from the 
dynamic mixture of different conformations, or from an induced fit reaction which occurs after 
the peptide is already bound to the antibody (Van Regenmortel, 1989) Spectroscopic, 
calorimetrie and kinetic studies by Leder et al (1995) indicate that the induced fit mechanism 
involving prior "conformational selection" is most likely 
The conformational flexibility within a short linear peptide could facilitate the 
conformational transition necessary for the binding process to occur compared to the native 
protein (Li et al , 1995), however, mostly at the cost of binding affinity (Hodges et al , 1988) 
The binding energy involved in the reversible binding between an antigen (single epitope) and 
the antibody (single antibody binding site) can be quantitatively measured by the following 
thermodynamic expression 
Kass ^ 
kg + Ab AgAb 
Kdiss 
where Ag represents the free antigen, Ab the free antibody, AgAb the antigen-antibody com-
plex, km the rate of association, and kins rate of dissociation The affinity or equilibrium con-
stant Kaffmay be calculated from the Law of Mass Action 
_ fe,* _ [AgAb] 
fci™ [Ag|[A¿] 
The affinity constant increases (i e affinity is higher) when a larger proportion of the antibody 
is bound Beside temperature, pH and ionic strength (Ti)ssen, 1985), the position of the equi-
librium may be influenced by such factors as antibody heterogeneity, multivalent binding 
(Ong and Mattes, 1993, Mattes, 1997), and cooperative binding (Mattes, 1995) The immobi-
lization of the antigen onto a solid phase is another factor that complicates the measurement 
of binding kinetics (Underwood, 1993, Azimzadeh et al, 1992, chapter 3 and 4 of this thesis) 
In order to measure the affinity constant of an antibody towards its antigen several 
approaches have been explored (Karlsson et al , 1992, reviewed by Neri et al , 1996) In solution 
assays the separation of bound and free antigen (antibody) at equilibrium is classically 
performed by equilibrium dialysis, by immunoprecipitation or radio-labeled reactants, or by 
centnfugation or filtration techniques All these methods require that the reactants have 
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specific properties (certain molecular size, label) Direct solid-phase or solid-phase competi-
tion assays using an enzyme or radioactivity as a label, in which one of the reactants becomes 
immobilized, are more convenient since the\ use a simple washing procedure for separating 
bound and free molecules (reviewed in Goldberg and D]avadi-Ohaniance, 1993) The applica-
tion of the Law of Mass Action in these solid-phase methods, however, is controversial (Nygren 
and Stenberg, 1988, Hethenngton, 1990, Sehgman, 1994, chapter 3 and 6 of this thesis) 
In diagnostics selection of the antibody with the highest association rate can be crucial 
since, with short incubation times, they account for the highest end-point ELISA signal 
The number of techniques to analyze the kinetics of the binding reaction (the association 
and dissociation rate constants) is rather limited Among the existing techniques, biosensor 
technology based on surface plasmon resonance (chapter 4) has facilitated and accelerated the 
measurement of the rate constants (Jonsson et al , 1991) Real-time measurements by this 
relatively new technology does not involve any labeling of the antigen or antibody A basic 
requirement, however, is again the immobilization of one of the reactants In general, affinity 
measurements in which the antigen of interest becomes immobilized on a solid phase give 
higher affinity constants as a result of mass transport limitations (Azimzadeh et al , 1992, 
Roggenbucket al , 1994) 
1.6 PROTEIN/PEPTIDE ADSORPTION 
Solid-phase immunoassays such as ELISA depend on the immobilization of the 
protein/peptide antigen to a solid surface, e g the wells of the microtitration plate Adsorption 
("coating") is the most routinely practiced method Adsorption onto polymer surfaces (mostly 
polystyrene) is generally a spontaneous and rapid process in which hydrophobic interaction is 
believed to be the ma|or driving force It arises from dehydration of the hydrophobic amino 
acid side chains and the surface, which yields an increase of entropy and thereby induces 
adsorption Electrostatic forces, resulting from Coulomb interactions between charged groups 
on the protein and the solid surface, can play a certain role in protein adsorption as well, even 
on non-polar (hydrophobic) surfaces (Hidalgo-Alvarez and Gahsteo-González, 1995, Roth and 
l enhoff, 1995) The exact mechanism of adsorption is not yet elucidated According to the 
Langmuir model, adsorption is a reversible process which includes desorption (Wilkins Stevens 
and Kelso, 1995) However, adsorption, especially on hydrophobic surfaces, mostly is an irre-
versible process (Malmsten et al , 1996-1) 
The adsorption characteristics of proteins have been studied extensively by many in situ 
techniques such as elhpsometry (Chang et al , 1995, Jin et al , 1995, Lassen and Malmsten, 
1996, Malmsten et al, 1996), quartz crystal microbalance electrodes (Caruso et al, 1996), 
scanning probe microscopy (Davies et al , 1994, 1995, Quist et al , 1995), reflectometry (Arwin 
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and Lundstrom, 1985, Lichtenbelt et al, 1993), and surface plasmon resonance (Ceddes et al , 
1994) The amount of protein adsorbed (or desorbed) has been found to be a function of both 
the nature of the protein molecule and the surface, and depend on protein concentration, 
time, temperature, ionic strength, pH, and surface tension (Plant et al, 1991, Wahlgren and 
Arnebrant, 1991, Elgersma et al, 1992, Bui|s et al, 1996, Fukuzaki et al, 1996, Heiduschka et 
al, 1996) Experimental conditions promoting hydrophobic interactions between the protein 
and the surface generally increase the amounts adsorbed (Malmsten et al, 1996-И, Singla et 
al, 1996) 
The adsorption of a protein or peptide molecule may result in a particular orientation 
Certain orientations could make a specific site on the molecules inaccessible, for example 
when adsorption results in epitope shielding or when adsorption occurs through the Fab frag­
ments of the antibody molecule (Lu et al , 1995) Reversibl), the increased antigen binding 
capacity of acid-treated antibodies appears to result from an increased adsorption through the 
Fc fragment caused by increased exposure of hydrophobic regions Hence, a better orientation 
of the Fab fragments towards the solvent is attained (Chang et al , 1995, Van Erp, 1991) 
In addition to orientation effects, molecules may undergo conformational changes upon 
adsorption (Bull, 1956, Lyklema and Norde, 1973) Loss of biological activity (immunobindmg 
in ELISA) often accompanies this phenomenon (Tan and Marhc, 1990, Butler et al , 1993, 
Davies et al , 1994) The extent of conformational change was found to depend on several fac­
tors First, the nature of the solid phase structural changes are more pronounced at 
hydrophobic surfaces than at hydrophihc (polar) surfaces (Kondo et al, 1992) Secondly, the 
process of conformational changes is correlated with protein flexibility, "soft" proteins tend 
towards more drastic structural arrangements than "hard" proteins (Norde, 1995) Finally, 
conformational changes seem to decrease when surface coverage increases (Kondo et al, 
1992) 
Electron microscopic data showed that adsorbed proteins regularly not cover the surface 
uniformly and completely (Quist et al , 1995) Cluster formation is also frequently reported 
(Nygren, 1988, Uyen et al, 1990, Butler, 1992, Davies et al , 1994) The distribution on the 
polymer surfaces depends on the nature of the surface, reactant, and immobilization method 
The adsorption process of small synthetic peptides has not been studied as extensively as that 
of proteins, although adsorption of the peptides onto polymer surfaces has been applied 
frequently, often with good results in ELISA (Dorow et al , 1985, Geerligs et al , 1988, Neurath 
et al, 1990, LaCroix et al , 1991) Adsorption of peptides smaller than 10-15 residues, however, 
is often reported to be problematic Whether adsorption or biological activitv is hampered is 
often not clear (Gnesmann et al, 1991) Because of their low molecular weight direct observa­
tion by electron microscop\ has not yet been successful (Sallberg et al, 1995) The results of 
limited indirect studies reveal that the process of peptide adsorption agrees with most 
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principles of protein adsorption (Geerligs et al, 1988, Neurath et al, 1990, Ruzgas et al , 1992, 
Duncan et al , 1994 Tsai et al , 1996) The flexible conformation of short peptides is thought 
to pla\ an important role in their biological activity eg antigenicity (Feinberg et al , 1996) 
This seems logical since, upon adsorption, the peptide conformation probably does not resem-
ble the corresponding region in the native protein For this reason, several techniques were 
designed to limit the conformational flexibiht\ of peptides without excluding those 
conformations that are well recognized bv the corresponding antibody (Gurunath et al , 1995) 
Likewise, the limited conformational flexibility of c\chc peptides -raised b\ bridging two 
cysteine residues- explained the improved antibod\ binding compared to their linear counter-
parts (Dorow et al , 1985, LaCroix et al , 1991) Another alternative to fixate peptide 
conformation is the coupling of the peptide to a protein carrier (Bnand et al , 1985, Modrow et 
al , 1989) This method was previously thought to be inevitable to guarantee peptide immobi-
lization on the microtitration plate Other techniques to overcome the negative aspects of 
adsorption are the following 
- covalent attachment (S0ndergärd-Andersen et al , 1990, Gegg and Etzler, 1993, Niveleau et al , 
1993, 1995,Dagenaisetal, 1994), 
- the development of multimene peptides (Tarn and Zavala, 1989, Marsden et al , 1992, Caponi 
é ta l , 1995), 
- the use of peptides still bound to supporting resins (Houghten, 1985, Geysen, 1985, Kennedy 
et al, 1987), and 
- modification of the poh st\ rene surface (Boudet et al , 1991) 
More information on these peptide immobilization techniques is given in chapter 2 
1 7 SCOPE OF THIS STUDY 
The advent of solid-phase peptide synthesis (Mernfield, 1963), and the subsequent progress 
made on the level of automation stimulated the successful introduction of synthetic peptides 
m diagnostics as specific alternatives for protein antigens Cost-ieduction, reproducibility, and 
easy analytical characterization were additional advantages Direct adsorption of small syn-
thetic peptides onto the pol)mer surfaces, the simplest immobilization technique, however, 
often reduces the sensitivity of the immunoassa\ which necessitates the use of large amounts 
of peptides in the coat solution Sometimes the antigenicity of the peptide is completely abol-
ished after adsorption Other peptide immobilization techniques are no good alternatives in 
terms of both epitope integrity and immunoreactiviU apart from the further drawbacks of 
complexity and higher costs 
In conclusion, no simple and general method is presently available to immobilize small 
suithetic peptides onto pohst\rene with sahsfacton ELISA results Therefore, a major aim of 
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this thesis is to design such a strategy In chapter 2, two new peptide immobilization strategies 
based on prior chemical manipulation are described 
An additional purpose of the present study was to acquire more insight into the ELISA 
mechanism which aims at antibody detection through complexation with solid-phase peptides 
This knowledge is important to control and improve test development of peptide-based diag-
nostics The ELISA signal which represents the relative amount of bound antibody, is obtained 
after several sequential reaction steps of which peptide adsorption and antibody binding are 
the most important Information on the extent the binding capacity of the peptide coated sur-
face and the affinity of the adsorbed peptide towards the antibody determine the ELISA 
response is essential Binding capacity is determined by the amount of peptide molecules 
adsorbed and the percentage of adsorbed peptide molecules which retain antigenicih To 
obtain relevant data on all these separate ELISA factors, a maximum effort has been made to 
match experimental conditions as much as possible to ELISA conditions, e g the adsorption 
of peptides on a polystyrene surface The techniques available to measure the ELISA factors 
individually are limited A significant pjrt of this thesis therefore deals with the development 
or adjustment of methods in order to obtain relevant information Chapter ì describes the 
development of an improved ELISA-based procedure with the hCG/anti-hCG model system 
which accurately determines the affinity constant of a monoclonal antibody for its antigen, 
when it is coated on the polystyrene wells on a microtitration plate The applicabile of real-
time instruments to monitor the different ELISA factors, is discussed in chapter 4 This chap-
ter discusses the investigation of peptide adsorption onto a polystuene surface and the 
resulting antibody binding activit\ b\ means of reflectometry Surface plasmon resonance was 
used to analyze affinity and kinetic parameters of the (immobilized) peptide-antibodv interac-
tion Chapter 5 describes the comparison of the manipulated peptides (chapter 2) to their 
parent counterparts with respect to binding capacity and affinity by ELISA-based methods 
Radio-active labeling of peptides by tritium to measure adsorption on the microtitration plate 
at low peptide concentrations in the coating solution is described m chapter 6 In this way the 
effect of the two new peptide immobilization strategies m ELISA is characterized 
quantitatively (chapter 5 and 6) FinalK, in chapter 7 the use of these new techniques is tested 
in (clinically) important immunological applications such as epitope-mapping experiments, 
replacement nets and serodiagnosis 
[10] 
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Direct Coating of Poly(Lys) or Acetyl-thio-acetyl Peptides 
to Polystyrene: The Effects in an Enzyme-Linked 
Immunosorbent Assay* 
Elma EMG Looman<¡, Anriet Petersen - van Ettekoven, Henri P/ Bloemers 
and Wim ƒ G Schielen 
Direct adsorption of small peptides to polystyrene surfaces is often not satisfactory There-
fore, a simple and general coating procedure to improve the coating efficiency of small 
synthetic peptide antigens to polystyrene is described In this study, the binding capacities of 
four small synthetic peptides N-termmally linked to various moieties were compared to their 
parent counterparts in terms of the amount of peptide coat concentration required to 
achieve 50% of the maximum enzyme-linked immunosorbent assay signal Elongation of a 
short epitope-sequence by an N-terminal Ata-group or a lysyl moiety resulted in an enor-
mous reduction in peptide coat concentration for all tested peptides of net two to four 
orders of magnitude when corrected for chain elongation The optimal length of the lysyl 
moiety depended on the length of the model peptide Replacement of both extensions by 
analogues (ι e Ata analogues and other basic amino acid residues in the case of the lysyl 
moiety) was possible without reducing their enhancing properties to a great extent Addi­
tional experiments showed that a lysyl moiety consisting of a linear stretch of seven lysyl 
residues was more effective in comparison to a branched lysyl-construct, and could easily 
compete with the multiple antigen peptide approach 
' published in Anal Biochem 248, 117 129(1997) 
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2.1 INTRODUCTION 
With the advent of solid-phase peptide synthesis in the early sixties (Mernfield, 1963), main 
different peptides could be synthesized in relative]) short times Since then, the use of syn-
thetic peptides found widespread applications in the field of epitope-mapping, specific diag-
nostic tests, the preparation and screening of anti-peptide antibodies, in studying antigen-
antibodv interactions, in the field of synthetic vaccines, and recently in the field of 
combinatorial chemistry In most applications, peptide immobilization onto polystyrène, as far 
as ELISA techniques are concerned, is a necessary procedure In contrast to immobilized 
protein antigens, ELISA's using immobilized peptide antigens are often not satisfactory 
Alteration of the conformation upon immobilization and thereby lowering the accessibility of 
the peptide for antibody binding can occur Inefficient adsorption is another possibility Most 
authors point out that relatively short peptides (eg , less than 20 residues in length), lack 
sufficient secondary and tertiary structural features or do not ha\e enough side-chains to bind 
well to plastic surfaces (Briand et al, 1985, Tam and Zavala, 1989, Dagenais et al, 1994) 
Accordingly, the ability of short peptides of diverse sequence and length to bind to a microtitre 
plate is sub|ect to fluctuations Yet, larger peptides can be composed of several epitopes and, 
consequently, be less discriminative and more cross-reactive in immunological assays 
Although optimizing the coating conditions for each individual peptide (e g pH, ionic 
strength) yielded satisfactory results (Oshima and Atassi, 1989, Beffy et al, 1994), the conven-
tional approach to overcome the poor coating efficiency is still conjugation of the peptide to a 
protein carrier such as bovine serum albumin (Briand et al , 1985, Price et al 1993) Alterna-
tively, methods which provide a covalent link between the polystyrene plate and the peptide 
using direct coupling agents such as glutaraldehyde (Ordronneau et al , 1991), carbodumide 
(S0ndergârd-Andersen et al, 1990), or poly-L-K sine (Ball et al, 1994), have become wide-
spread as well Some authors have pretreated their polystyrene plates with Alcian blue (Lagace 
et al , 1994), or UV-irradiation (Boudet et al, 1991) to permit immobilization of the peptide 
antigen A combined approach of chemical and physical activation was also investigated 
(Dagenais et al , 1994) Others reported successful introduction of the streptavidm-biotm 
system (Von Gruningen et al , 1991, hanov et al , 1992) and the multiple antigen peptide 
system (Tarn and Zavala, 1989, Caponi et al , 1995) for peptide immobilization 
These approaches can all be described as either time-consuming, complex, or costly 
Crosslmking procedures and peptide-protem coii]ugates have some additional disadvantages 
when non-direction.il coupling is involved with non-uniform coating as a consequence Also, 
the attachment site could be located in or near the antibody binding site, with possible adverse 
consequences for the antibody binding properties Instability in time is another problem with 
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peptide-protein conjugates, and poly-L-lysine and UV-treatment tend to give difficulties with 
high background readings 
Our goal is to improve the peptide presentation in the ELISA s\stem by chemically 
extending the N-terminal end of small peptides as an integral part of solid-phase peptide syn­
thesis 
In the present report we describe two different N-terminal moieties which both enhance 
the coating efficiency of various peptides two to four orders of magnitude and at the same 
time seem to obviate the problems described above The first N-hnked moiety is the functional 
Ata-group (Duncan et al , 1983) The second N-hnked moiety is constructed from lvsvl resi­
dues The optimal length of this N-hnked moietv was dependent upon the length of the 
peptide The results demonstrate clearly that both the Ata-group and the various lysyl moieties 
improve the coating efficiency of peptides of various length and sequence, and, hence, the 
amount of peptide required for phvsical adsorption can be drastically reduced to achieve a 
sensitive peptide-ELISA 
2 2 MATERIALS A N D METHODS 
MONOCLONAL ANTIBODIES 
Four mouse monoclonal antibodies of which the epitope was previously determined were 
selected, and were all of the IgGl subclass Anti-human chorionic gonadotropin (hCG) mono­
clonal antibodies OT-3A and OT-1A, and Mab OT-C100/8A-1 (specific for the C100 part of 
the hepatitis C-virus, HCV) were produced using a hollow-fibre dialysis system (Schonherr, 
1987) The anti-hCG Mabs were purified further by protein A affinity chromatography as 
described b\ Van Sommeren et al , 1992 (binding buffer 1 5 mol/1 glycine, 3 mol/1 NaCl, pH 
8 9) The mouse Mab GCIR 1202, specific for the PP52 part of the cytomegalovirus (CMV), 
was purchased from the Goodwinn Institute (Plantation, Florida) 
Table I Peptides used in this study 
pept ide 
designat ion 
ЗА 
IA 
5-1 1 
CMV 1 
or ig in and posi t ion 
of p e p t i d e in prote in 
β hCG(133 139)' 
β hCG (139 145)a 
HCVNS4 C100 (1697 1708)" 
CMV PP52 (UL44) (346363)' 
pept ide sequence 
RLPGPSD 
DTPILPQ 
DREVLYREFDEM 
GGSLSSLANAGGLHDDG 
designat ion 
of M a b 
OT-3A 
ОТ 1A 
OTC100/8A 1 
GCIR 1202 
a) Represents peptides from the С terminal part of the β chain of human chorionic gonadotropin 
b) HCV NS4 C100 refers to the C100 part of the N54 region of the Hepatitis С virus genome 
c) CMV PP52 refers to the PP52 part of the Cytomegalovirus UL44 refers to the correct reading frame 
M 
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SYNTHESIS AND PURIFICATION OF THE AMIDATED PEPTIDES 
The synthesis of the peptides was carried out by an automated procedure on a Perkin 
Elmer/Applied Biosystems Ine 433A peptide synthesizer, using standard FastMoc 0 25 mmol 
procedures with UV-monitormg and feedback option Some of the peptides were synthesized 
in a semi-automated manner on an in-house built multiple peptide synthesizer using standard 
Fmoc/tBu-chemistry with in situ activation by carbodnmide The Fmoc amino acid derivatives 
were obtained from Bachern (Bubendorf, Switzerland) The desaminophenylalanine was pur-
chased from Merck (München, Germany) The peptides were svnthesized on a TentaGel S 
RAM Fmoc resin (RAPP Polymere, Tubingen, Germany) via the Fmoc/tBu chemistry The 
linker is of a Rink-amide tvpe, which automatically yields a C-terminally amidated peptide 
During solid phase peptide synthesis the amino acid side-chains were protected with acid-
labile protecting groups the ε-aminogroup of h sine with Boc, the δ-guanidino group of 
arginine with 2,2,5,7,8-pentamethylchroman-6-sulphonvl (Pmc), the γ-carboxyl group of 
glutamic acid and the ß-carboxvl group of aspartic acid with OtBu, the γ-amide group of 
glutamine and the ß-amide group of asparagine with tnt \ l (Trt), histidine and c\steine with 
Trt, the ß-hydroxyl group of serine and threonine with tBu, and tyrosine with tBu All 
reactants were dissolved in NMP The cleavage of the Fmoc groups was carried out with 25% 
(vol/vol) piperidme in NMP during at least 2 consecutive cycles of 1 5 mm (semi-automatic 3 
consecutive cycles of 3 mm) Coupling of the first Fmoc amino acid derivative (Fmoc-Aaa-
OH, 4 eq 1 mmol) was performed by in situ activation with 2-(lH-benzotnazol-l-\l)-l ,1,3,3-
tetramethyluromum hexafluorophosphate (HBTU), l-h\droxybenzotriazole (HOBt, 4 eq, 1 
mmol) and dusopropylethylamine (DIPEA) In the semi-automatic procedure coupling of the 
first Fmoc amino acid derivative (Fmoc-Aaa-OH, 2 5 eq ) was performed by in situ activation 
with dusopropvlcarbodiimide (DIPCDI) and l-h\drox\benzotnazole (HOBt, 2 5 eq) After 
coupling of each amino acid derivative (at least 20 min) no check for completion of the 
acylation reaction was earned out In the semi-automatic procedure bromophenol blue was 
used as indicator for completion of the acylation reaction The acylation reaction was followed 
b\ a cappmg-step with acetic anhydride m NMP The s\nthesis of an N-terminal l\s\l 
dendnmer was performed b\ protecting the ь-aminogroup of lysine with Fmoc instead of Boc 
The N-terminal Ata-group was introduced via an active ester coupling with Ata-N-
hydroxysuccimmide The N-acet\l-peptide was obtained b\ acetylation of the N-terminus with 
acetic anhydride The fully protected peptides were cleaved from the resin during a 2-hr 
reaction at room temperature under nitrogen with 5% thioamsole (vol/vol), 3% ethanedithiol 
(vol/vol), 2 5% water (vol/vol) and 2% anisóle (vol/vol) in tnfluoroacetic acid (87 5% volAol) 
followed b\ precipitation in diethylether The crude peptides were washed twice with 
diethylether, dried at the air, dissolved m water/acetonitrile (3 1) and lvophihzed The compo-
sition of the peptides were confirmed by mass and amino acid analysis 
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Table 2 Peptide characteristics 
pept ide N-linked moiety 
molecular we igh t re tent ion t ime pur i ty (HPLC) 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
1А 
1А 
1А 
1А 
1А 
1А 
1А 
5-1-1 
5-1-1 
5-1-1 
5-1-1 
5-1-1 
5-1-1 
СМ -1 
СМ -1 
СМ -1 
СМ -1 
СМ -1 
СМ -1 
Note К
э
- = 
Н-
Fmoc-
Ас-
H-SPS-
H-FGG-
Ata-
LysD2-
<э-
LysDj-
< 7 -
н-
Ata-
LysD2-
DaF4 LysD2-
<з-
LysDj-
к,-
н-
Ata-
LysDj-
Кз-
LysD3-
к7-
H-
Ata-
LysD2-
Кэ-
LysD3-
к7-
= н-ккк-, к7- - н-ккккккк-
(in Dalton) 
740 
962 
781 
1123 
1001 
856 
1124 
1124 
1637 
1637 
781 
898 
1166 
1639 
1166 
1679 
1679 
1601 
1717 
1985 
1985 
2498 
2498 
1527 
1643 
1911 
1911 
2424 
2424 
LysDj- and LysD3-
(HPLC) (in mm) 
1 2 6 
21 7 
13 5 
1 4 6 
1 5 7 
1 4 9 
11 1 
11 0 
1 0 8 
107 
1 5 0 
1 6 6 
12 6 
1 5 4 
1 2 6 
11 8 
11 9 
1 6 6 
187 
15 1 
1 5 4 
14 7 
1 4 9 
15 1 
17 2 
1 3 9 
1 3 8 
13 1 
133 
are in fig 1, DaFLysD2-
(in %) 1 
84 
100 
100 
87 
96 
100 
100 
98 
96 
98 
91 
100 
100 
100 
95 
100 
96 
78 
76 
88 
90 
93 
96 
77 
81 
79 
85 
67 
76 
is LysD2 with the 
additional coupling of one desammophenylalanme residue (daF) to each ammo group 
Ihe HPLC diidksis jnd purification (when necessan) were carried out on a Beekman Gold 
IIl'LC s\stem HPLC .inahses were performed on a RP-C2/C18 column (Superpack prepS, 
4 χ 250 mm, Pharmacia) at a flow rate of 1 ml/mm, using a 3 mm isocratic elution with 0 1 % 
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trifluoroacetic acid in water, followed by a 30 nun linear gradient from water (100%, 0 1% 
trifluoroacetic acid) to acetonitnle (75 % , 0 1 % trifluoroacetic acid) Peptides were detected 
by UV measurement at 206 nm 
The first series of peptides (summarized in table 2) were of more than 75% purity 
(obtained by purification when necessary) Onl\, the purity of CMV-1 peptide N-hnked to the 
lysyl-dendnnier of three generations yielded 67% The molecular weight, HPLC-punty and 
retention times of these peptides are listed in table 2 
For the remaining peptide series purification was not performed 
ELISA PROCEDURE 
The polystyrene microtltre plates (Grenier, Fnckenhausen, German)) were sealed during every 
incubation (to prevent evaporation) and washed (Washer Microehsa system 400, Organon 
Текшка, Boxtel, The Netherlands) four times after each incubation with PBS-Tween (6 7 
mmol/1 phosphate buffer pH 7 2, 0 13 mol/1 NaCl, 0 05% (v/v) Tween-20) During ever> 
experiment blanks were included to check for non-specific binding of the monoclonal antibody 
and the sheep anti-mouse IgG coniugate The plates were freshly coated for each experiment 
The synthetic peptides (parent or N-hnked), serially diluted (135 μΐ) in 0 05 mol/1 
bicarbonate coating buffer (pH 9 6) in concentrations of 1 niM to 1 nM, were allowed to coat 
during overnight incubation at room temperature with constant shaking (600 rpm, TPM-2 
shaker, Sarstedt, Numbrecht, Gemanv) Non-specific adsorption of the monoclonal antibody 
and/or conjugate was prevented b\ performing an incubation with aliquots of 135 μ] of bovine 
serum albumin (2 0 g/1, Organon Teknika, Boxte!, The Netherlands) in Tns-buffer (pH 7 4) for 
2 h at room temperature, after the first washing procedure 100 μΐ of the appropriate mono­
clonal antibod\ solution, diluted in sample diluent (20% v/v normal goat serum in 1% (v/v) 
triton in 7 6 mmol/1 sodium phosphate buffer (pH 7 4) with 120 mmol/1 NaCl), was added to 
each well for 1 h at room temperature with constant shaking Subsequently after washing, the 
wells were incubated for 30 mm at room temperature under constant shaking with 100 μΐ of 
sheep anti-mouse IgG, conjugated to horse radish peroxidase according to the procedure of 
Wilson and Nakane (1978), and diluted 1/5000 in sample diluent The final washing procedure 
was followed b\ color development which was initiated b\ adding 100 μΐ of the substrate 
solution (0 45 mmol/1 3,3',5,5'-tetramethylbenzidine, 1 5 mmol/1 H 2 0 2 and 0 1 mol/1 sodium 
acetate pH 5 5) The reaction was terminated after 30 mm incubation in the dark, b) adding 
ΙΟΟμΙ of 1 mol/1 sulfuric acid solution Absorbance values at 450 nm (A4;0) were measured on a 
Microehsa reader 510 (Organon Teknika, Boxtel, the Netherlands) 
Comparison of ELISA results between parent and N-hnked equivalents is made in terms of 
the amount of peptide coat concentration required to achieve 50% of the maximum ELISA 
signal (EC50) In this studv, the term coating efficiencv refers to this ECS 0 value 
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All results given are the mean of at least duplicate determinations. The intra and interassay 
variation were within normal range. The day to day variation was also acceptable although the 
effects of batch to batch differences, frequent lyophilization (refers to water content) could 
sometimes be observed as a maximal variation of half an order of magnitude in EC,0 values. 
2.3 RESULTS 
Preliminary experiments were carried out to assess the optimal ELISA conditions By using a 
0.05 M carbonate coating buffer of pH 9 6 (tested in a pH-range of 3 6 to 9 6) immobilization 
9-flourenylmethyloxycarbonyl 
Fmoc-
0 
Acetyl 
Ac-
Acetyl-thioacetyl 
Ata-
α . ' 
Lys \ 
Lys 
^ L y s ^ 
Lysyl dendrimer 2"л generation 
LysD, 
α 
a^Lys 
e 
ε 
Lys 
Lys 
c o Lys Lys 
\ 
a Lys 
Lys- -
lysyl dendrimer 
У generation 
LysD3 
Fig. 1: Overview of chemical groups linked as an N-terminal moiety during synthesis of a peptide and 
a schematic representation of two different lysyl-dendnmers which are linked as an N-terminal 
moiety during synthesis of a peptide α refers to the α-amino group of the lysyl residue, ε refers to 
the ε-ammo group of the lysyl residue 
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of the peptide b\ passive adsorption was optimal Storage of the peptide solution up to 24 
hours at 4 °C had only a negligible effect on the sensitiva) of the ELISA In this context it 
should be noted that a fixed amount of peptide coated in the wells of a microtitre plate with 
rounded bottoms yields a significant higher ELISA signal than the equal amount of peptide 
immobilized in wells of a microtitre plate with edged bottoms does, using the same ELISA 
procedure This result is a typical factor affecting overall ELISA performance (Sittampalam et 
al, 1996) 
COMPARISON OF N-TERMINALLY EXTENDED PEPTIDE ЗА WITH PARENT PEPTIDE 
The antigenic properties of various N-hnked moieties (fig 1) were tested b\ compaiing the 
coating efficienc\ of an N-temnnall\ extended peptide ЗА to the parent peptide ЗА in the 
following ELISA format The (N-hnked) peptide was coated in a serial dilution in the range of 
1 mM to 1 nM and a fixed concentration of antibod\ was presented to the immobilized 
peptide 
In the first series of experiments the N-termmal moieties to elongate peptide ЗА directh at 
its synthesis, could be categorized as follows 
1 ) chemical groups including the Ac-group, the Ata-group, and the Fmoc-group 
2) peptide-sequences, consisting of three amino acids which (a) are part of the natural sequence 
(amino acid residues 130-132 of the ß-hCG sequence) or (b) were determined by a computer 
program (HvperChem 2 0, molecular modeling and simulation software) to "stabilize" the 
conformation of the peptide ЗА in solution 
3) l)s\l-dendnmers subdivided in (a) a branched Ksvl moiet\ consisting of 2 generations that 
results in 4 N-terminal amino groups (LvsD2, fig 1), and (b) the same branched lysyl construct 
with the additional coupling of one desammophenvlalanine residue (daF) to eacli ammo group 
(daF4-LvsD2) Since a daF-residue lacks the ammo-group, it constitutes a ver\ h\drophobic 
ammo acid (see also retention time from HPLC-anal\ses m table 2) thus creating a "stick\ 
end ' onto the l\s\l dendnmer 
Fig 2 shows that the coating efficiency of the peptide ЗА coating can be substantially 
increased when N-terminall) elongated with an Ata-group The concentration of peptide 
required to produce the dose-response curve with an equal amount of antibody could be 
reduced from 390 μΜ to 18 nM which is a reduction of more than four orders of magnitude 
(table 3) To exlude the possibility of dimenzation of the Ata-hnked peptides the peptide 
coating solution, incubated overnight at RT, was treated with DTI (dithiotreithol) No change 
in the chromatographic pattern could be observed after treatment with this reducing agent 
Moreover at high pH the Ata-group is not stable and will decompose The sulfur atom will 
then be negatively charged which does not favor dimenzation of two peptide molecules How-
[ 26] 
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1 5 -
05 - ƒ ^ * \ M // 
0 I 1 — ι — r t n m ^ 1—ι ι ι ι in 
0 1 1 10 100 1000 10000 100000 1000000 
peptide coatconcentration (nmol/l) 
Fig 2· Coating efficiency of (N linked) peptide ЗА ELISA was performed using dilution series of parent 
peptide ЗА ( · ) and different moieties N terminally linked to peptide ЗА peptide-sequences SPS ( D ) 
and FGG ( X ), lysyl dendnmer (LysD2) ( * ) Ata-group ( + ) Binding was determined using an anti-
hCG Mab ОТ ЗА concentration of 1 /jg/ml 
ever, sulfated oxidized bv-products seem to be present after overnight incubation In an addi­
tional experiment, dimenzation of an Ata-peptide was forced (by treating the Ata-peptide with 
4 M NaOH to an endconcentrahon of 0 2 M OH for 15 seconds in order to liberate the thiol-
group, followed b\ air-oxidation) The molecular weight of the purified dimenc peptide was 
checked b\ electrospra\ mass spectrometr) The coating efficiency of this dimer was one order 
of magnitude lower compared to the monomenc equivalent (data not shown) 
The L\sD2-moiet\ enhanced the coating efficiency to a much lesser extent (onk 10-fold) 
On the other hand, the influence of elongation of the epitope by the peptide sequence "SPS ' 
to create a "larger peptide' (potentially larger number of contact sites for adsorption) was 
negligible Neither was stabilization of the "structure" of the peptide-molecule bv a computer-
determined amino acid sequence (FGG) successful with respect to the coating efficiency of 
the peptide Also, in contrast to our expectation, the peptide with the N-terminal daFH-lysD2-
ïnoietv did not show any reactivity in the ELISA (data not shown) The low solubility of this 
peptide due to its hydrophobic properties was probably responsible for this result The Fmoc-
group and the acetyl-group both could not contribute in a positive way either (data not 
shown) 
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Table 3: ECM values determined in ELISA with Parent and N-Lmked Peptides 
p e p t i d e 
N-linkcd 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
1А 
1А 
1А 
1А 
1А 
1А 
1А 
5-1-1 
5-1-1 
5-1 1 
5 1-1 
5-1-1 
5-1-1 
СМ -1 
СМ -1 
СМ -1 
СМ -1 
СМ -1 
СМ -1 
н-
H-SPS-
H-FGG-
Ata-
LysDj-
Кэ-
LysD3-
к,-
Н-
Ata-
LysD2-
daF4LysD2-
к, 
LysD,-
< 7 -
н-
Ata 
LysD2-
<э 
LysD3-
< 7 -
H-
Ata 
LysD2-
K r 
LysD3-
K7-
3 9 χ 102 ± 0 1 
2 0 χ 102 ± 0 3 
1 5 χ 102 ± 0 2 
1 8 x 1 0 2 ± 0 3 
1 8 x 1 0 ' ± 0 4 
1 6 χ 102 ± 0 5 
7 3 χ 1 0 1 ± 1 2 
4 2 χ 1 0 2 ± 0 3 
1 0 χ 1 0 3 b 
8 1 χ 1 0 2 ± 0 1 
3 2 ± 1 1 
1 3 χ 102 ~ 0 1 
6 1 χ 10' = 2 3 
5 3 χ 1 0 2 ± 2 1 
N D c 
1 Ox 1 0 3 b 
3 7 χ 1 0 2 = 0 1 
1 1 x 1 0 ' ± 0 1 
1 1 ± 0 3 
2 4 ± 1 0 2 ± 0 1 
9 6 χ 1 0 3 ± 0 1 
1 8 x 1 0 1 ± 0 3 
4 1 χ 1 0 2 ± 1 0 
1 3 χ 1 0 2 ± 0 5 
1 2 χ 1 0 2 ± 0 4 
3 5 x 1 0 3 ± 0 5 
5 0 x 1 0 * ± 0 4 
factor of i m p r o v e d 
b i n d i n g capacity 
ι orders of m a g n i t u d e ) 
05 
40 
1 0 
0 
3 5 
40 
40 
2 5 
1 0 
ι о 
40 
45 
4 5 
40 
30 
45 
50 
05 
1 0 
1 0 
1 5 
25 
a) ECW values were determined by fitting the mean absorbance values to a curve by a 3 parameter fit (Rodbard 
and Feldman, 1978) The peptide coat concentration resulting in 50% of the maximum adsorbance value at 
a particular Mab concentration was selected by this curve-fitting program 
b) The exact ECM value could not be determined since these parent peptides showed no response in the FUSA 
(fig 4Aand 4B) To set off against the results with the N linked peptides a peptide coatconcentration ot 1 
mM was chosen as the EC!0 value 
c) Not determined ECWvalue could not be determined by the fitting program By means of an estimated ECM 
value a factor of improved coating efficiency was determined 
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TIME SERIES 
In a next series of experiments, in which time of coating was varied (88 h - 10 nun), the 
superior ELISA performance of the Ata-lmked peptide in comparison to the parent peptide ЗА 
was evident Nevertheless, the coating efficiency of the Ata-peptide decreased at a faster rate 
compared to the parent peptide ЗА when the time of coating was below 4 hours (fig 3) 
A4 50 
1 10 100 1000 10000 100000 1000 
peptide concentration (nmol/l) 
Fig. 3: Effect of coating time on coating efficiency of parent peptide ЗА ( D ) and its Ata-lmked 
equivalent ( + ) The coating efficiency decreased when the coating time was decreased from 19 h (most 
left of H-3A/Ata-3A curves) to 10 mm (most right of H-3A/Ata-3A curves) via intermediate coating times 
of 19 5 h, 4 h and 1 h Binding was assessed with an anti-hCG Mab OT-3A concentration of 1 μα/ml 
N-TERMINALLY EXTENDED PEPTIDES 1 A, 5-1-1 A N D C M V - 1 
To further explore the general applicability of the Ata-group and the lysyl-dendnmer, these N-
lmked moieties were synthesized onto three other peptides (peptide 1A, peptide 5-1-1, and 
peptide CMV-1) which clearly differed in amino acid sequence, length, and hydrophobicity 
(see also table 1 and 2) The adsorption of the parent peptide 1A and parent peptide 5-1-1 to 
the solid phase did not result in any ELISA reactivity up to a coating concentration of 1 mM 
(fig 4A and 4B) Fig 4 (А, В and О shows that the Ata-group and the LysD2-moiety system­
atically increase the coating efficiency of all three peptides in comparison to their parent 
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ELISA reactivity of anti-hCG Mab ОТ 1A (1 p/g/ml) with 
parent peptide 1A ( • ), and peptide 1A N-terminally 
extended with an Ata-group ( + ), LysD2-moiety ( * ), 
and daF4 LysD2 ( • ) 
1QÍ 1Q3 ΙΟ4 ΙΟ 5 
ELISA reactivity of anti-HCV Mab C100/8A-1 (1 1000) 
with parent peptide 5-11 ( • ) and peptide 5-1-1 
N-termmally extended with an Ata-group ( + ), and a 
LysD2-moiety ( + ) 
ELISA reactivity of anti-CMV Mab GCIR 1202 (1 2000) 
with parent peptide CMV-1 ( • ) and peptide CMV-1 
N-termmally extended with an Ata group ( + ), and a 
LysD2 moiety ( + ) 
10 ' 10° i o ' 102 103 ÌO* 10s 10 ' 
peptide concentration (птоИ) 
Fig. 4: Coating efficiency of (N-lmked) peptides 
counterparts but each to a different extent (see also table 1) Of all daF.,-L\sD2 linked 
peptides, onl\ the reactivit\ of the peptide ΙΑ-ELISA unproved b\ N-terminal extension with 
the "sticks end" (fig 4A), although the daF.,-LvsD2 linked peptides 5-1-1 and CMV-1 were 
soluble in the coating buffer 
LINEAR VERSUS DENDRIMER 
Having established the applicabili^ of a l\s\l-dendrmier with 2 generations (L\sD2) as a possi­
ble general N-hnked moietv to improve the coating cfficiencv of diverse small peptides (7-17 
ammo acids), we wanted to determine the impact of a Ksvl-dendnmer of 3 generations (L\sD,, 
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fig 1) However, we did not test am fourth generation lysyl-dendnmer because standard solid-
phase sMithesis generates low \ields of higher generation dendnmers The construction of a 
LysD^moiety results in eight N-teminial amino groups At the same time we synthesized the 
linear counterparts of the LysD2- and L\sD,-hnked peptides to investigate the necessity of the 
branched form of the Ksyl-dendrimers Increasing the length of the N-linked moiety to seven 
lysyl residues clearly showed an extra increase in the coating efficiency of about 1 to 2 orders of 
magnitude (table 3) The additional effect of branching of the lysyl moiety was only small 
when it consisted of three lysyl residues (table 3, fig 5) In the case the lysyl moiety consisted 
of seven lysyl residues, branching even showed an adverse effect, present in all four peptides 
(table 3) 
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Fig. 5. Effect of pH on the coating efficiency of peptide ЗА N-terminally elongated with different lysyl-
moieties Binding was assessed with an anti-hCG Mab OT-3A concentration of 1 /jg/ml 
Coating efficiency of LysD2-linked peptide ЗА ( О ) and its linear equivalent K3 ( • ) diluted in coating 
buffer of pH 7 0 ( — ) , pH 9 6 (—), and pH 10 6 ( ) in a polystyrene microtitre plate 
1000000 
PH-EFFECT 
Since various functional groups present in the peptide are protonated at different characteris­
tic pH's, changing of the pH probably can influence the coating properties of the peptide 
Such groups include the ε-amino group of the l\syl residue and the N-tenninal α-amino group 
both having distinct pK
a
's of 10 3 jnd 8 0 (Wilson, 1995), respectively Fig 5 shows that the 
coaling efficiency of peptide ЗА N-terminally elongated with three lysyl residues was affected 
b\ lowering the coating buffer to pH 1 0 Since the branched lysyl-construct contains more N-
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terminal α-amino groups, the reduction in coating efficiency of the branched lysyl-lmked pep­
tide was expected to be greater at pH 7 0 if the branched form had any positive effect on the 
coating efficiency compared to the linear form However, figure 5 shows the opposite effect So 
this result agrees with the notion that branching of the lysyl moiety is of no additional impor­
tance (table 3) No attempt was made to test the coating behavior at pH 12 2 because occur­
rence of racennzation at sucli a high pH is not unusual However, differences in ELISA 
reactivity between pH 9 6 and 10 6 were however negligible (fig 5) Essentially the same 
results were obtained with the LvsD,- and K7-moieties linked to peptide ЗА (data not shown) 
Table 4: EC^ values determined in ELISA with peptides N-termmally linked with different Ata-
analogues factor of improved coating efficiency in comparison to the parent peptide 
p e p t i d e 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
1А 
1А 
1А 
I A 
1А 
5-1-1 
5-1-1 
5-1-1 
5-1-1 
5-1-1 
CMV-1 
CMV-1 
CMV-1 
CMV-1 
CMV-1 
N-linked 
moiety" 
H-
Ata-
Atp-
Bta-
Btp-
H-
Ata-
Atp-
Bta-
Btp-
H-
Ata-
Atp-
Bta-
Btp-
H-
Ata-
" Atp-
Bta-
Btp-
est imated EC50-value 
(i iM) 
4 1 χ 101 
2 3 χ 1 0 2 
1 5 χ 1 0 ' 
3 3 χ 1 0 2 
3 2 x 1 0 ' 
1 0 χ 1 0 3 b 
4 5 χ 1 0 3 
1 1 χ 1 0 2 
1 9 χ 1 0 2 
5 1 χ 1 0 2 
1 0 χ 103 b 
5 8 x 1 0 ' 
4 0 
6 2 χ 1 0 ' 
1 0 x 1 0 3 b 
1 6 x 1 0 ' 
5 5 χ 1 0 2 
3 6 x 1 0 2 
4 7 χ 1 0 2 
6 4 χ 1 0 2 
factor of improved 
coat ing efficiency 
(in orders o f magni tude) 
-
3 0 
2 0 
3 0 
2 0 
-
5 5 
5 0 
4 5 
4 0 
-
3 0 
2 5 
3 0 
0 
-
0 5 
0 5 
0 5 
0 5 
a) Ata, acetyl-thio-acetyl, Atp, acetyl thio propionyl, Bta benzoyl thio-acetyl, Btp, benzoyl thio propionyl 
b) These peptides showed no response in the ELISA To compare with the results of the N terminally linked 
peptides a peptide coatconcentration of 1 глМ was chosen as the estimated EC50 value 
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ATA-ANALOGUES 
Io obtain information on the unique composition of the Ata-group in relation to the increase 
in coating efficiency a set of Ata-analogues, acetvl-thio-propionvl (Atp), benzoyl-thio-acetyl 
(Bta), and benzovl-thio-propionyl (Btp), were introduced as N-terminal linking group to the 
four different peptides Table 4 shows that an N-terminal Ata-analogue is able to improve the 
coating efficiency of the various parent peptides as well, although generally to a somewhat 
lower extent as the original Ata-group It should be stressed that the factor of improved coat­
ing efficiency can vary from the results mentioned m table 3 probably as a result of batch 
differences, different water contents and lower purity 
OPTIMAL LENGTH OF N-TERMINAL PEPTIDE MOIETY 
In order to determine the optimal length of a linear К svi moiety three sets of peptides were 
synthesized, N-terminall) linked with an increasing amount of lysyl residues The general 
formula for peptide ЗА can be represented as H-K
n
RLPGPSD-NH2, in which n, the number of 
lysyl residues, having the values of 0, 4, 8, 12, 16, 20 Histidyl residues were included in this 
study as well, since some lysyl characteristics can be applied to histidine Also, control peptides 
(N-terminal linking of the same amount of glycyl residues) were generated m order to correct 
for chain elongation 
The results show that N-terminal elongation of the epitope sequence by an increasing 
amount of gl\c\l residues alread\ improves the coating efficiency b\ more than 4 to 5 orders of 
magnitude for the small peptides (peptide ЗА and 1A, figs 6A and 6C) However for peptide 
5-1-1, which has a parent epitope sequence of 12 amino acid residues, a sort of maximum 
improvement of 4 5 orders of magnitude seems to be achieved when N-terminall\ linked to 
onK 8 gl\c\l residues (fig 6E) Therefore, these results indicate that beyond a certain peptide 
cham-length the highest possible increase in coating efficient is attained This optimal chain-
length will be probably peptide-dependent as it already varies for our peptides ЗА (23-27 
residues), 1A (27 residues), and 5-1-1 (20 residues) Further elongation beyond this certain 
chain-length does not enhance the coating efficiency of the peptide anymore Fig 6A-6F 
clearly shows that the coating efficient improves to a greater extent by N-tenninal linking of 
lysyl residues instead of glycyl residues at all chain-lengths and for all tested peptides Beyond 
the optimal chain-length for the different peptides, the net improvement of an N-terminal 
lysyl moiety does not exceed a factor 10 This conclusion is in line with the N-temnnal elonga­
tion of peptide ЗА with a lysyl moiety of 30 residues (data not shown) However, when the 
peptide has not yet reached its optimal length to ensure maximum coating efficiency a net 
increase (ι e , corrected for chain elongation) of two to four orders of magnitude in coating 
efficiency is attained (fig 6) The same conclusions can be drawn for the histidyl moieties 
Only their enhancing properties were subordinate in comparison to the equivalent Ivsyl-
moieties 
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4 θ 12 16 20 
amount of residues in peptide moiety 
4 8 12 16 20 
amount of residues in peptide moiety 
1/EC50x10e6 
Ì 
amount of residues in peptide moiety 
factor net improvement 
pepdde 1A 
nhsndine 
Qlysine 
amount of residues m peptide-moiety 
1/EC50x10e6 factor net improvement 
4 β 12 16 
amount of residues in peptide moiety amount of residues in peptide-moiety 
Fig. 6: Effect of peptide moiety length (plotted on the x-axis) on the EC50 value of three different model 
peptides, peptide ЗА (A and B), peptide 1A(Cand D), and peptide 5-1-1 (E and F) In figures A, C, and 
E the ECso value is presented as І/ЕС^ χ 106 to show the reduction in peptide coatconcentration due to 
elongation of the peptide moiety as a positive effect In figures B, D, and F the improvement factor in 
coating efficiency of the histidyl and lysyl moieties are shown corrected for chain elongation (EC50 value 
of the glycme-hnked peptide of equal length) 
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COMPOSITION OF N-TERMINAL PEPTIDE MOIETY 
T h e composi t ion of the N-terminal peptide moiety was investigated further Again three series 
of peptides were synthesized in which the peptide moietv added N-temiinal ly to the pept ide 
sequence consisted of 12 identical a m m o acids T h i s peptide moietv length was chosen as it 
ensured m a x i m u m pept ide coal ing efficiency when it consists of lysvl residues (figs 6A-6F) 
O u t of even side chain class one particular a m i n o acid was selected, arginine (basic side 
chain), g lutamic acid (acidic side chain), serine (polar side chain), and phenylalanine (hydro­
phobic side chain) 
T h e low solubil ity of the phenylalanine-hnked peptides (also in 10% dimelhv lsul fox ide) 
i n h i b i t e d proper use of these peptides in F L I S A Therefore, the coating efficiency of these 
Table 5: Factor of improved coating efficiency of N-termmally linked peptides and multiple antigen 
peptide antigens in comparison to the parent peptide (no N-hnked peptide moiety) 
p e p t i d e 
ЗА 
ЗА 
ЗА 
ЗА 
ЗА 
I A 
1А 
1А 
1А 
1А 
5-1-1 
5-1-1 
5-1-1 
5-1-1 
5-1 1 
см -1 
СМ -1 
pept ide-
moiety* 
R,2-
E.1-
s„-
M A P / 
MAPB
C 
R»-
E,i-
S,2-
M A P / 
MAP8
C 
R,r 
Eu-
S,2-
M A P / 
MAP8
C 
M A P / 
M AP,,' 
est imated EC50-value 
(μΜ) 
1 4 χ 1 0 2 
7 0 
1 Οχ 10' 
1 8 x 1 0 ' 
6 1 x 1 0 " 
7 0 χ 1 0 3 
2 0 x 1 0 ' 
3 0 χ 101 
. d 
. d 
1 5 χ I O 2 
9 0 χ 1 0 ' 
5 0 χ I O 3 
4 0 χ 1 0 э 
4 4 χ 1 0 3 
3 4 χ 1041 
1 4 χ 10" 
factor o f i m p r o v e d 
c o a t i n g ef f ic iency 0 
(in orders of m a g n i t u d e ) 
4 0 
1 5 
1 5 
5 0 
5 5 
5 0 
1 5 
1 5 
-
4 5 
3 0 
5 0 
5 0 
5 0 
2 5 
3 0 
a) The phenylalanine linked peptides showed poor solubility characteristics, even in 10% dimethylsuKoxide 
Therefore, the coating efficiency of these peptides was not determined 
b) Factor of improved coating efficiency has an estimated error of 0 3 
c) MAP, and MAP, consist, respectively of A and 8 copies of the parent peptide linked to a brached lysyl construct 
of respectively 3 and 7 lysyl residues The MAP antigen was considered as one peptide molecule N-terminally 
linked to a K, or K, moiety respectively MAP4 and MAPB 
d) These peptides showed no response in the ELISA upto a coating concentration of 1 mM 
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peptides was not determined The results with the other peptide moieties demonstrate that 
arginai residues, as the constituent of the peptide moiet), improve the coating efficiency of the 
different model peptides to the greatest extent, in comparison to the equivalent parent 
peptides (table 5) When set off against the peptide moiety composed of 12 glycyl residues the 
peptide moieties composed of serine or glutamic acid residues showed even a significant lower 
ELISA reactivity, except for the senne-hnked peptide 5-1-1 In comparison to the lysyl moiety 
the efficiency of the arginyl moiety is somewhat lower Yet, compared to the histidyl moiety the 
arginyl moiety is more effective Conclusively, N-termmal elongation of a small synthetic pep­
tide by amino acids of iide chain classes other than a basic nature affect the coating efficiency 
of the peptide adsorbed to polystyrene adversely when corrected for chain elongation 
MULTIPLE ANTIGEN PEPTIDES ( M A P S ) 
We studied the coating efficienc\ of the multiple antigen peptide svstem (Vergara and Tarn, 
1989) m order to set off against the results obtained with our alternative approach Respec­
tively, 4 and 8 copies of our model peptides were synthesized onto a branching lysyl core 
(MAP., and MAP„) The MAP-contaimng peptides provided an enhanced binding capacity of 
about 5 orders of magnitude in comparison to the monoinenc peptides (table 5) The 
octamenc form was most effective as reported earlier (Tarn and Zavala, 1989) Yet, for peptide 
1A the MAP approach was not successful, upto a coating concentration of 1 mM both MAP's 
did not show an\ ELISA reactivity So, the free C-terminal end of this peptide seems to be 
essential for binding of the antibody However, the N-termmal lysyl moiety (7-12 residues) is 
capable to establish the same efficiency increase for all model peptides (table 3, fig 6) 
2.4 D I S C U S S I O N 
The use of polystyrene (PS) microtitre plates as the solid phase for protein immobilization in 
ELISA assays has become a widespread practice, mostly providing excellent results However, 
immobilization of small synthetic peptide antigens onto PS frequently causes difficulties The 
parameters determining the adsorption of short peptides are unknown and, consequently, 
finding the optimal coating conditions is a matter of trial and error This often results in a 
complex coating procedure (ι e , con|ugation or modification of PS) 
In view of all this we searched for a convenient general coating method for small peptides 
of various lengths and biochemical properties, without inducing a complex modification of PS 
or of the peptides Elongation of the peptide by introducing a small N-temunal moietv during 
its synthesis, seemed worthwhile 
This goal was achieved since the overall results in this report show that N-ternunal linking 
of peptides with an Ata-group or one of its analogues could greatly improve the coating effi-
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ciency of all tested synthetic peptides The addition of an Ata-group to a synthetic peptide is 
already frequently applied as a part of coating procedures Only then it is used to couple the 
peptide covalenti) to a protein carrier such as bovine serum albumin (Beffy et al, 1994) As 
dimerization of the Ata-peptide could be excluded we show that the Ata-group itself is able to 
increase the ELISA reactivity by 3 to 5 orders of magnitude (table 3) Hence, in the case of 
peptide ЗА the peptide coat concentration could be reduced from 190 μΜ to 19 nM to pro­
duce an absorbance of 1 0 (fig 2) 
In addition to this new finding we also can report the consequences for the coating effi­
ciency when a small synthetic peptide, prior to adsorption on plastic, is elongated with an N-
ternnnal peptide moiety So far, it has been hypothesized that in addition to experimental 
conditions as diffusion- and solvent characteristics, passive binding of a peptide antigen varies 
with its primary sequence The importance of hydrophobic properties in the primary sequence 
is generally recognized as detergents and other agents capable of interfering with hydrophobic 
bond formation, inhibit the adsorption process (Butler, 1992) The length of the peptide is 
probably also of importance in peptide immobilization and/or antibody recognition (Geerligs 
et al, 1988) It has been known and reported many times that small synthetic peptides 
(containing less than 20 amino acid residues) do not bind efficiently to solid surfaces (Tarn 
and Zavala, 1989, Gegg et al, 1993) Likelv, (N-terminal) extension of the length of a small 
peptide increases the ELISA reactivity by creating a significant larger number of contact sites 
for adsorption Our results support these findings since the coating efficiency of the peptide 
clearly can be improved when its original chain length is below 20 residues In line to this 
result is the observation that the largest model peptide CMV-1 (17 residues) shows the lowest 
improvement factor (table 3) Above a particular chain-length (20-27 residues) the peptide 
reaches a certain maximum increase m ELISA reactivity (fig 6) However, beyond this optimal 
length N-terminal addition of a specific basic peptide moiety, preferably a lysyl moiety, 
provides still a factor 10 improvement in coating efficiency When the peptide is much shorter 
than 20 residues the addition of N-terminal lvsyl residues is obligatory since a net increase of 
two to four orders of magnitude m coating efficiency is to gain (fig 6) The optimal length of 
such a lysyl moiety turned out to be 8-12 residues for the small peptides ЗА and 1A, and 4 resi­
dues for the peptide 5-1-1 in order to achieve the maximum coating efficiency 
In recent years, the use of the multiple antigen system to adsorb synthetic peptides have 
become more widespread because this strategy shows a consistent superior coating efficiency 
compared to monomenc peptides (Tam and Zavala, 1989, Marsden et al, 1992, Caponi et al , 
1995) The peptide of interest is synthesized in four or eight copies onto a bifurcating polyly-
sine core (respectively, twofold or threefold) Tarn and Zavala (1989) suggest that these 
branched peptides bind more readily to the plastic wells or could induce multivalent binding 
(avidity increase) Marsden et al (1992) suggest a third possibility to explain their enhanced 
ELISA reactivity, the remaining arms of the branched peptide, not involved in the coating 
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process, can adjpt more rejdilv Hie conformation needed to interact with the antibody Our 
data with the monomeric l\s\l-lmked peptides indicate that the latter two suggestions could 
be ignored as the\ relate to the multivalence of the MAP's So, it is ver\ well possible that the 
superiority of the MAP can be ascribed to the coating properties of onK the poh -h sine core, 
which in turn can be synthesized in linear form as well (table 3) 
To our knowledge, the only other indication for improved coating efficiency by lysvl resi­
dues is reported by Sallberg and co-authors (1995) They show that a high signal-to-cut off 
ratio (S/CO ratio), which refers to more efficient coating of synthetic peptides (16-18 
residues), was related to the number of ENH2-groups (lysyl residues) present in the adsorbed 
peptide A lower S/CO ratio was found at an increasing amount of non-polar residues in the 
peptide Detection of adsorbed peptides was performed by biohnvlation of a- and/or ε-amino 
groups Nevertheless, the obvious bias for lysyl containing peptides was accounted for m this 
study Notable is that passive adsorption took place on îmdiated polystyrene microtitre plates 
Furthermore, the authors made no attempt to explain this unusual result 
What factors could be responsible for the improved coating efficiency of peptides N-hnked 
with an Ata-group or various linear stretches of amino acid residues7 
A peptide-ELISA depends on several steps of which immobilization of the peptide and 
binding of the specific antibody are the most important ones Unfortunately, it is not possible 
to differentiate between the effectiveness of both processes, since the detection step only 
reveals the final result of several steps Hence, the exact mechanism of successful peptide 
coating methods in the ELISA remains unknown, as stated bv many authors (Boudet et al , 
1991, Lagace et al , 1994) Theoretically, the N-linked moieties which increase the ELISA 
signal can improve (a) the following processes of coating such as (1) the amount of coated 
peptide, (2) the orientation (and distribution), (3) the stabilization of the appropriate confor-
mation, and (b) the process of specific antibody binding (affinity) 
All factors can individually or in combination be responsible for the improved coating effi-
ciency of the various N-hnked peptides 
The N-termmal addition of ionic ammo acids with a rather flexible basic side chain or a 
small Ata-group show an extra increase in the coating efficiency when corrected for chain elon-
gation This result is rather conflicting with the generally accepted importance of hydrophobic, 
bulky amino acids in the adsorption process of small peptides (Bnand et al , 1985, Tam and 
Zavala, 1989, Ball et al , 1994, Dagenais et al, 1994, Caponi et al , 1995) The following hypo-
thetical coating mechanism could be underlying The SP2-hybndization of the phenyl groups 
in the polystyrene matrix locates the six π-electrons in a higher density on both sides of the 
aromatic ring An interaction between the positively charged side chains of the lysyl and 
arginimi residues and the π-electron densities could be of importance in the process of coat­
ing The Ata moiety and its analogues, which also improve the coating efficiency by a great 
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extent, can be fitted in this model as well Since the protected sulfur atom in the Ata-group 
will be liberated under basic conditions, it could be possible for the phenyl ring (electron-poor) 
and the negatneh charged sulfur atom to interact The orientation of the phenylgroups in 
particular patches, either the electron densities or the aromatic ring on top of the surface of 
the pol\st\rene matrix, could facilitate such interactions Yet, the fact that the phenyl group 
forms a rather stable closed π-orbital s\stem and the adverse contribution of the glutamic acid 
side chain (also negatively charged) on the coating efficiency do not attribute to the validity of 
this mechanism Still, this mechanism of ion-benzene interaction is not all as speculative as 
nia\ seem, since the cation-aromate interaction is extensively described from the perspective 
of protein cr\stal structures (Burle\ and Petsko, 1986, Flocco and Mowbray, 1994, Dougherty, 
1996) Amino-π interactions between for example, catiomc lysyl, arginyl, and even histidyl side 
chains and the electron-rich face on an aromatic ring, are discussed to be energetically signifi­
cant in the stabilization of protein structures, molecular recognition and protein folding 
(Karlin et al , 1994) Also, the sulfur atoms express an affinity toward the positively charged 
edge of the aromatic rings m protein structures (Reíd et al , 1985) 
Possibly, the enormous enhancement in coating efficiency observed when N-terminal 
linking of an Ata-group or the lysyl-extension was employed occurred by the following more 
general antibody binding mechanism The involvement of important ammo acids in the 
epitope sequence upon adsorption could obstruct the recognition and subsequent binding of 
the corresponding antibody When coupled to an N-hnked moiety, e g , an Ata group or lysine 
moiety or perhaps con|ugation to BSA at the stage of epitope-determination, the peptide 
could mimic more effectively the appropriate conformation of the corresponding region in the 
native protein for antibody interaction To study the conformation of a small peptide adsorbed 
to polystyrene is still a desire as confirming the peptide presence on the solid phase is already a 
rather complex procedure (Sallberg et al , 1995) It is known that a minor change in the 
primary sequence can result in conformationally different peptides (Li et al , 1995) while small 
peptides at room temperature and m aqueous solutions already exist in a large number of con-
formations in dynamic equilibrium (Geysen, 1985) Applying the various N-terminal moieties 
as we used are not expected to generate a more stable peptide conformation (α-hehx or β-
sheet) according to the Chou-Fasman (1978) prediction method (data not shown) 
In conclusion the interactions between peptides and the plastic surface are still undefined 
To gain more insight in the performance of the peptide-ELISA the process of coating and 
antibody binding is now under study in more detail 
In summary, our results support the concept that the use of macro-molecular carriers (e g , 
MAP or BSA) or covalent activation of PS can be circumvented in the immobilization proce­
dure of small synthetic peptides Direct svnthesis of a small N-terminal extension as the Ata-
group or a Ksyl moiety to the peptide is sufficient to improve the coating efficiency at least 
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two orders of magnitude Tins substantially reduces the amount of peptide needed to develop 
a sensitive peptide-ELISA Beside saving time and costs the use of an Ata-group or a lysyl 
moiety at the N-terminal end of the peptide has the additional advantage that the solubility of 
the peptides improves due to the addition of extra polarity The addition of both moieties at 
the C-terminal end of a peptide is now under study 
Extension of small peptides by an Ata-group or lysyl moiety will probably facilitate the design 
of a peptide-ELISA for diagnostic purposes and for protein characterization This approach 
could probably become applied in a wider variety of other immunochemical procedures in 
which synthetic peptides are used 
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Assessment of the Functional Affinity Constant of 
Monoclonal Antibodies Using an Improved 
Enzyme-Linked Immunosorbent Assay* 
Elma EM G Loomaw;. An¡a /M Roeien, Henk S tan Damine, Henri Ρ] Bloemen, 
Тот С ] Gribnau and Wim ƒ G Schielen 
The use of an enzyme-linked immunosorbent assay (ELISA) for the determination of affinity 
constants implies heterogeneous measurements Therefore, despite their simplicity, direct 
solid phase binding assays are not common Many investigators have serious, and mostly 
justified, reservations about the application of solid phase affinity methods They refer to 
problems such as diffusion effects and difficulties in reaching equilibrium due to heteroge-
neous binding and co-operativity Accordingly, functional affinity determinations are often 
described as meaningless 
These objections apply to the measurement of the affinity of a monoclonal antibody 
using the enzyme-linked immunosorbent assay of Beatty et al (J Immunol Methods 100, 
173, 1987), which is based on the effect of antibody affinity on the sigmoidal dose 
response curve The affinity constant is calculated by mathematical equations, based on the 
Law of Mass Action and the authors made a number of important assumptions -avoiding 
the above mentioned problems- in order to justify the use of the Law of Mass Action 
By carefully examining these assumptions we have developed an improved ELISA proce-
dure for functional affinity determinations on the basis of a primary coating with the 
antigen only The coating conditions were validated by employing gold labelled colloidal 
particles and physical counting of the bound particles under the scanning electron micro-
scope Since monovalent binding between human chorionic gonadotropin and its mono-
clonal antibody could be achieved under equilibrium conditions, the application of the Law 
of Mass Action and hence of the Beatty-formula became possible We conclude that under 
these conditions functional affinity determinations are appropriate 
' published in J Immunol Methods 184, 207 217 (1995) 
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3.1 I N T R O D U C T I O N 
The affinitv of an antibody for its corresponding antigen is a crucial parameter in the perform­
ance of an immunoassay such as ELISA Since its introduction, use of the ELISA procedure 
has become ever more widespread and ELISA methods for the measurement of the affinity 
constant of antibody-antigen reactions have been described The advantages of heterogeneous 
ELISA's are (1) easy separation of bound and free materials and (2) no requirement for 
labeling the primary antigen-antibody reaction which could affect the affmit) of the antibody 
The kinetics of solid phase antigen-antibod\ reactions differ sigmficantK from classical 
liquid-phase reactions (Franz and Stegemann, 1991) In solution, the interaction between a 
hapten and an antibody is reversible and not limited bv am diffusion or multivalent binding 
effects It therefore follows the basic thermodynamic principles of a non-covalent bimolecular 
interaction According to the Law of Mass Action K
aff = [AgAb] / [Ag] [Ab], where Kaff repre­
sents the equilibrium or affinity constant of the reaction, [AgAb] the concentration of the 
antigen/antibody complex, [Ag] the concentration of free antigen sites and [Ab] the 
concentration of free monoclonal binding sites, respectively 
intridile affinity describes the primary binding energy of a single antibody combining site 
with a single antigenic determinant Multivalence of either antigen and/or antibody makes the 
determination of intrinsic affinity impossible and hence, the term functional affinity constant 
(often used synonymously with avidity) is applied for multivalent antibody and antigen 
(Karush, 1978) In this study, the term functional affinity describes the interaction of an 
immobilized antigen with its corresponding antibody without the influence of multivalence of 
either reactant The important role of valence in affinity measurement has been discussed in 
detail in many other reports (Stevens, 1987, Cowan and Underwood, 1988, Ong and Mattes, 
1993) 
Introducing a solid phase such as a microtitre plate (for the immobilization of one of the 
reactants) complicates the determination of affinity (Underwood, 1993, Ong and Mattes, 
1993) Diffusion effects especially play an important role in heterogeneous binding by slowing 
down the association and dissociation rate, thus affecting the attainment and/or position of 
equilibrium Moreover, surface effects such as antigen-density dependent steric hindrance, 
bivalent antibody binding and lateral co-operatne interactions between antibodies can influ­
ence the estimation of the affinity constant (Li, ^ δ ? , Stenberg and Nygren, 1988, Nygren and 
Stenberg, 1989, Underwood, 1993) In addition, immobilization of the antigen may modify the 
antigen/antibody interaction and affinity bv altering the conformation of the protein (Schwab 
et al, 1992, Butler, 1992) 
The method developed by Beatty et al (1987) belongs to the class of solid phase affinity 
measurements which directly estimate the affinity constant from solid phase binding of the 
antibody (Li, 1985, Schots et al , 1988) This method uses serial dilutions of both antigen 
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(coated to the plate) and antibodv for measuring affinity constants using the Law of Mass 
Action The amount of antibodv bound to the antigen on the plate is represented as a sigmoi-
dal curve of OD versus the logarithm of antibody concentration added to each well The only 
requirement for affinity constant determinations is to know the concentrations of monoclonal 
antibodies ([Ab], and [Ab'],) at OD 5 0 and OD',0 for plates coated with two different antigen 
concentrations ([Ag], and [Ag'],) The affinity constant is then calculated using the formula 
K
a
if= (n-1)/2(n[Ab'], - [Ab],), derived from the Law of Mass Action, where π = [Ag],/[Ag'], 
Recently, a computer program was developed for calculating the antibody concentrations 
at OD 5 0 in this type of system (Raghava and Agrewala, 1994) In this algorithm, the ELISA 
data were subjected to a hyperbolic curve-fitting procedure Calculating manually the optical 
density value at the plateau of the dose-response curve (OD100), in order to determine the 
OD,0, becomes redundant using this graphical method since the OD100-value is derived from 
the asymptote of the hyperbola 
In the approach of Beatty et al (1987), the antigen is coated to the plate in competition 
with bovine serum albumin (BSA) Hence, this procedure can be regarded as competitive 
coating and the exact amount of antigen adsorbed to the plate remains unknown A relation­
ship between the two different antigen concentrations is therefore assumed Beattv et al 
(1987) assumed that the amounts of antigen on the plate are reduced bv a factor of two when 
the antigen concentrations in the coating solutions are reduced by a factor of two and the total 
protein concentration remains the same In our view it is more logical to coat the specific 
antigen first, followed by incubation with the blocking agent eg BSA The second coating 
antigen concentration differs by a factor of two with respect to the first antigen concentration 
Tins incubation is again followed Ы the blocking agent, and so forth Hence, this coating pro­
cedure is non-competitive and offers the possibility of coating proteins with poor binding 
qualities 
In this study, we outline an improved experimental method for measuring the functional 
affinity constant of an antibody for its immobilized antigen using a non-competitive ELISA 
From an experimental point of view our method differs with respect to the following (ι) a non­
competitive coating procedure is used and (n) the processing of the ELISA data by a comput­
erized fitting-program The calculation of the functional affinity constant is mostly analogous 
to the formula derived by Beatty et al (1987) Beattv et al (1987) confined themselves to the 
|ustification of the use of the Law of Mass Action b\ making assumptions such as "the reaction 
reaches equilibrium" and "there is no co-operativitv between two identical binding sites on the 
antibody" These assumptions are theoretically questionable and not founded on experiments 
Our procedure, validated with the hCG/anti-hCG model system, provides a functional affinity 
constant for the immobilized antigen by meeting the above assumptions Hence, the func­
tional affinity constant is determined by the coating conditions, and not by any other limiting 
experimental condition such as bivalent binding, stenc hindrance and severe diffusion effects 
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3 2 MATERIALS A N D METHODS 
MATERIALS 
A number of monoclonal antibodies were selected from a large panel of mouse anti-hCG Mabs 
and were all of the IgGl subclass The\ were produced and characterized as described b\ van 
Erp et al (1991) Subsequently the Mabs were further purified b\ protein A affinity Chroma­
tograph) as described b> Van Sommeren et al, 1992 (binding buffer 1 5 mol/l glvcine, 3 mol/1 
NaCl, pH 8 9) Anti-hCG monoclonal antibody OT-3A was used for the optimization experi­
ments 
hCG was isolated from the urine of pregnant women and further purified on a Superdex 75 
PG 20/60 column (Pharmacia, Uppsala, Sweden, eluent 0 02 mol/1 ammonium carbonate, pH 
8 0) The hCG fractions were pooled This batch contained 2 0 g/1 immunoreactive protein, as 
determined by a sandwich-ELISA using our monoclonal antibodies OT-3A, OT-7B and Pregnyl 
3000 (3000 IU/mg hCG, Organon, Oss, The Netherlands) as a standard All other chemicals 
were of analytical grade quality 
FUNCTIONAL ANTIBODY AFFINITY ESTIMATION ELISA PROCEDURE 
The method described below is den\ed and adapted from Beatt\ et al (1987) From an 
experimental point of view the differences concern the coating procedure and the conditions 
of time, temperature and dilution Therefore, the standardization of this Fl ISA is the result of 
a series of optimization experiments The nucrotitre plates (Grenier, Frickenhausen, Germam) 
were sealed during every incubation (to prevent evaporation) and washed (Washer Microelisa 
System 8000, Organon Teknika, Boxtel, The Netherlands) four times after each incubation 
with PBS-Tween (20 mmol/1 phosphate buffer pH 7 2, 0 13 mol/1 NaCl, 0 05% (v/v) Tween-20) 
To establish specificity, controls yyere performed with non-specific antigen (bovine serum 
albumin) and non-specific monoclonal antibody (against an anti-hepatitis В surface antigen) 
During every experiment a blank was included to control for non-specific binding between the 
antigen and the sheep anti-mouse IgG coniugate 
The plates were freshly coated for each experiment The hCG concentration ratio between 
the various solutions was 12 4 8 The coating solutions were diluted in 0 05 mol/1 bicarbonate 
coating buffer (pH 9 6) Ahquots of 135 μ,Ι were subsequently added to the wells and incu­
bated for 24 h at room temperature with constant shaking (600 rpm, 7P1V1-2 shaker, Sarstedt, 
Numbrecht, Germany) Possible non-specific adsorption of the monoclonal antibody and/or 
coniugate was prevented in the following incubations by performing a subsequent incubation 
with ahquots of 135 μ| of bovine serum albumin (2 0 g/1, Organon Teknika, Boxtel, The Neth­
erlands) in Tns-buffer (pH 7 4) for 2 h at room temperature, after the first washing procedure 
Serial dilutions of the monoclonal antibodies (0 - 6 nmol/1) were prepared in sample diluent 
(20% v/v normal goat serum in 1% (v/v) triton in 0 19 mol/1 sodium phosphate buffer (pH 7 4) 
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with 3 mol/1 NaCl) Duplicate samples of the dilution series (100 μΐ) were pipetted into each 
coated well after the washing procedure and incubated for 16 h at room temperature with con­
stant shaking Subsequently, after washing, the wells were incubated for 30 mm at room 
temperature under constant shaking with 100 μΙ of sheep anti-mouse IgG conjugated to 
horseradish peroxidase according to the procedure of Wilson and Nakane (1978) and diluted 
1/5000 m sample diluent The final washing procedure was followed b\ color development 
which was initiated b\ adding 100 μΐ of the substrate solution (0 45 mmol/1 3,3',5,5'-tet-
ramethvlbenzidine, 1 5 mmol/1 H 2 0 2 and 0 1 mol/1 sodium acetate pH 5 5) The reaction was 
terminated, after 30 min incubation m the dark, by adding 100 μΐ of 1 mol/1 sulphuric acid 
solution Absorbance values at 450 nm were measured on a Microehsa reader 530 (Organon 
Ieknika, Boxtel, The Netherlands) 
SCANNING ELECTRON MICROSCOPY (SEM) 
Samples for examining the hCG-coating in the SEM were obtained in the following wav hCG-
coated (no secondary BSA coating) wells were washed four times in PBS-Tween and incubated 
with 100 μΐ AuroD\eTM forte (Amersham, 's-Hertogenbosch, The Netherlands) for 3 h at 
room temperature under constant shaking (600 rpm) At this stage the colloidal gold particles 
(diameter 18 ± 3 6 nm) bind selech\el\ to proteins due to their negative charge After aspira­
tion, this incubation was repeated with fresh Aurod\e reagent Finalh, the plates were washed 
four times with Milli Q water and than dried at ambient conditions The bottom of each well 
was cut out of the microtitre plate and examined in a Camscan S4 scanning electron micro­
scope at an accelerating voltage of 20 kV Photographs were taken at 2700x magnification for 
determination of the ratios of the amount of immobilized hCG molecules per unit area for dif­
ferent hCG coating concentrations 
CALCULATION OF FUNCTIONAL ANTIBODY AFFINITIES 
In contrast to the method of Beatty et al (1987) the OD readings in our method were fitted to 
a curve by a 3-parameter fit (Rodbard, 1978) and reproduced into a graph of OD versus anti­
body dilution The antibody dilution resulting in 50% of the maximum absorbance value at a 
particular coating concentration was selected for the affinity calculation bv this curve-fitting 
program In this way, all data points contribute equally to the OD 1 9 0 calculation whereas m the 
Beatty-method the OD10(I yalue is only an arbitrary ayerage of the experimental ODIQO values 
Specific criteria were chosen to meet the experimental limitations and the theoretical condi­
tions (ι) the values of OD had to be betyveen an OD of 0 15 and 2 5 as the plate reader only 
guarantees linearity betyveen this OD-range (n) the decline of the OD 1 0 0 values between two 
different sigmoid curves (whose coated antigen concentration differed by a factor of two) had 
to be between 35% and 65%, since intra-plate variation acts upon the (theoretical) 50% drop 
According to Beatty et al (1987), equation (1) is an estimate of the affinity constant of the 
M 
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antigen-antibody interaction that is based solely upon the antibody concentration at OD 5 0 
([Ab'], and [Ab],) for plates coated with two amounts of antigen, one ([Ag'],) being half the 
other ([Ag],) 
К.» = 1 /2(2[АЬ·], - [Ab],) 
According to Beatty, four different concentrations of [Ag], are used, thereby enabling the 
calculation of six different KjH-values, which generate the average affinity constant If 
Ag=nAg'(e a Ag = 2Ag' = 4Ag" = 8Ag"r) the general equation is 
K. f f =(n- l )/2(n[Ab ' ] l -[Ab] 1 ) 
These six calculated K
aff-values, however, are not totally independent, so the standard devia­
tion is inappropriately reduced Our final functional affinity constant is the average result of 
four calculations using two curves Each monoclonal antibody concentration at OD 5 0 of a 
particular sigmoid curve, selected for calculation according to the above criteria, was used 
twice (and not three times as in the Beatty-method) to calculate the final functional affinity 
constant 
RESULTS 
COATING WITH THE ANTIGEN 
The functional affinity constants of anti-hCG Mabs were determined using an improved 
ELISA method, adapted from the method of Beattv et al (1987) The antigen coating condi­
tions are critical in the Beatty-method Doubling the antigen concentration should yield an 
increase in solid phase coating by a factor of two, which is essential for the validity of the 
mathematical equation on which the calculations are based 
Using a non-competitive coating procedure four hCG-coating concentrations (ratio of 
12 4 8) yielding a suitable final OD value (0 15-2 5) in the ELISA were selected from the 
linear portion of the serial hCG dilution curves (for OT-3A and OT-4D 10 0, 5 0, 2 5 and 1 25 
ng/ml, as shown in fig 1 and for OT-1C and OT-1A 40 0, 20 0, 10 0 and 5 0 ng/ml, data not 
shown) The controls gave the expected negative results 
Temperature variation was investigated in order to optimize the coating conditions It was 
concluded that incubation conditions for the coating were optimal at room temperature and 
suboptimal at both 4 °C and 37 °C Since shaking (600 rpm) of the plate accelerates the 
adsorption process, this was incorporated into the coating procedure Using these experimental 
conditions, no degradation of hCG could be determined spectrophotometrically 
In various kinetic experiments (fig 2 shows the results with an hCC coating concentration 
of 3 1 ng/ml), it was found that a coating time of 24 h was necessary to ensure immobilization 
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Fig. 1: Serial dilution curve of hCG, 
physically adsorbed to the wells of 
microtitre plates The anti hCG 
monoclonal antibodies OT-3A ( + ) and 
OT-4D ( * )(1 pg/ml) were used in excess 
to achieve saturation 
001 0 1 1 10 100 
cone hCG (ng/ml) 
Fig. 2: The amount of physically 
adsorbed hCG (% of maximum OD-
value) as a function of coating time 
The primary antibody ОТ ЗА (1 μα/ίτιΙ) 
was incubated for 1 h at room 
temperature with shaking 
0 4 8 12 16 20 24 28 32 36 4 0 44 48 
Cûat ng t me (h) 
of all of Hie liCG-molecules at the selected hCG-concentrations When the hCG concentra-
tion in the coating buffer was below 200 ng/ml, no hCG was found in the remaining coating 
buffer after an incubation time of 24 h, using a sandwich-ELISA (data not shown) Overnight 
incubation was not sufficient the OD value onlv reached 84% as compared to 100% with a 
coating time of 24 h The hCG ph)sicall) adsorbed to the plate did not desorb during 24 h of 
incubation, nor after the subsequent washing process, or after treatment with the blocking 
buffer (which contains BSA) 
These results suggested that the actual amount of hCG on the plate could be doubled 
under specific conditions when the hCG concentration was increased b) a factor of two Fur-
ther support for this conclusion was obtained from the ratio of the amount of immobilized 
hCG molecules per unit area as determined under a scanning electron microscope By non-
selective attachment of gold particles to proteins, the hCG-molecules (with a diameter of circa 
5 nni) could be detected and photographed in the SEM The photographs indicated an 
approximate 1 2 ratio of hCG molecules on the bottom of the wells between the different 
coatings No clustering of hCG molecules could be detected at low hCG concentrations 
J I I I I I I I I I I L 
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Table 1: Quantification of the gold particles attached to the hCG molecules 
25 4 8 0 ± 4 5 
a) Average of three photographs (11 5 x 9 cm) which represent a cross section of A 2 μπι χ 2 3 μπ\ at the bottom 
of the well 
Quantification of the gold particles for four different hCG-concentrations showed amounts of 
gold particles successively increasing by about a factor of two (see table 1) 
On the basis of all these results it may be concluded that the amount of phvsicallv 
adsorbed hCG, is directly and linearly related to the hCG concentration in the coating solu­
tion Therefore, yyhen the coat concentration is increased by a factor of two the amount of 
physically adsorbed hCG also increased by a factor of two within the range 2 to 200 ng/ml 
These results can be explained by the fact that all hCG molecules adsorb to the plate at these 
relatively low concentrations and remain adsorbed during the time of the experiment The 
actual doubling of the OD value (as in fig 3) indicates that the epitopes of the hCG molecules 
remain available for monovalent interaction with their monoclonal antibody after adsorption 
to the plate Therefore, clustering of hCG molecules on the surface of the well, as was 
observed for some proteins at low coating concentrations (Butler et al, 1992) does not occur A 
theoretical surface coverage of 0 4% at an hCG coating concentration of 10 ng/ml suggests an 
enormous spacing between the hCG molecules Thus, bivalent binding and steric hindrance 
will be negligible, and the assumption of Beatty et al that co-operativity does not occur is con­
firmed for our ELISA method 
INCUBATION WITH THE MONOCLONAL ANTIBODY 
This ELISA method utilizes the influence of antibody affinity on the sigmoidei solid-phase 
ELISA curves in order to determine the functional affinity constant (Beatty et al , 1987) The 
antibody concentration at OD 5 0 of the sigmoid curve is measured for each different hCG 
concentration To obtain a complete sigmoid curve (including saturation) of the anti-hCG 
monoclonal antibodies, serial dilutions of the monoclonal antibodies were chosen which 
ranged from 0 to 6 nM (0 to 1 Mg/ml) Increasing the Mab concentrations further affected the 
non-specific binding adversely (data not shown) and agitation resulted m an improvement of 
the overall signal 
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Fig. 3: Experimental dose-response curve for anti-hCG monoclonal antibody OT-3A at four different 
hCG coating concentrations. The four hCG coating concentrations were 10 ng/ml ( · ), 5 ng/ml ( + ); 
2 5 ng/ml ( * ), and 1 25 ng/ml ( D ). The data points were fitted into the curves using a 3 parameter 
fit according to Rodbard (1978). The summed squared deviations were successively, 0.47, 0.24, 0.09 
and 0.01. The OD100 values decreased between 35 and 65% when the hCG coat concentration was 
reduced by 50 % 
In order to use this ELISA method for affinity calculation, the antibody-antigen reaction 
has to reach a state of equilibrium. Various kinetic experiments performed under shaking con­
ditions (fig. 4) revealed that the final OD value for the monoclonal concentration at OD,0 on 
the sigmoid curve readied a maximum after 16 hours of incubation. Obviously, this time was 
needed in order to reach equilibrium, in contrast to the Beatty-method in which an incubation 
with monoclonal antibody for 2 hours is sufficient. For practical reasons, incubation times 
between 4 and 16 h were not measured but longer incubation times showed a decrease in over­
all signal, probably due to degradation or inactivation of the monoclonal antibody (fig. 4). 
Equilibrium was further demonstrated by incubating the supernatant of the monoclonal anti­
body following incubation m a microtitre plate saturated with hCG (data not shown). Signifi­
cant OD values indicated the presence of active free monoclonal antibodies after 16 hours of 
incubation in our ELISA method. 
We chose a Mab incubation at room temperature because: (1) there is a strong possibility 
of denaturation when biomaterials are incubated for 16 h at 37 °C, and (2) in order to main-
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Fig. 4. The values of OD^ at different incubation times of the monoclonal antibody compared to the 
value of OD.*, after 16 h incubation of the monoclonal ([OD, / OD16h] χ 100%) 
Serial dilutions of monoclonal antibody ОТ ЗА were incubated in microtitre plate wells, coated with 
various low hCG concentrations (0 75 ng/ml hCG ( D ) and 1 5 ng/ml hCG ( + ) at day 1 and 1 25 
ng/ml hCG ( О ), 2 5 ng/ml hCG ( Δ ), 5 ng/ml hCG ( О ) and 10 ng/ml hCG ( V ) at day 2) The binding 
of OT-3A to hCG reached equilibrium with a maximum OD-value at 16 h 
tain a uniform temperature throughout the whole method, although most ELISA procedures 
normally employ a brief Mab incubation at 37 °C This is reasonable since experiments showed 
that a change in temperature from 4 °C to room temperature during the Mab incubation did 
not influence the final OD value and the calculated functional affinit\ constant significantk 
In addition, the temperature dependence of the affmih constant over our experimental tem­
perature range can be regarded as linear (Moore, 1972) 
No denaturatoli of the monoclonal antibod\ OT-3A could be determined spectropho-
tometncallv after 16 hours of incubation 
CALCULATION OF THE FUNCTIONAL AFFINITY CONSTANT 
The functional affinity constants of four anti-hCG mouse Mabs were calculated b\ the general 
equation (2) derived by Beattv et al (1987) All measurements were performed with our 
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improved procedure for anti-hCG monoclonal antibodies Based upon the curve in fig 3 the 
mean K
aff for OT-3A was 7 49 χ 10' M ', as calculated from the following Kafrvalues 
(a) 10 94 χ 10', 6 68 χ 10', 5 84 χ 10" M ' for an antigen coating ratio of 2, and (b) 6 48 χ 10' 
M ' for an antigen coating ratio of 8 
The reproducibility of this method was tested by repeated determination of the functional 
antibod\ affinities, as described above The results which are summarized in table 2 represent 
tests which were performed on different plates and on different days 
Table 2: Affinity constants for anti hCG monoclonal antibodies 
a n t i b o d y 
OT-3A 
OT-4D 
OT-1A 
ОТ 1С 
no. of measurements 
mean Ka f ) by EIA 
( 1 0 ' M 1 ± SD) 
9 0 ± 2 1 a 
1 9 0 ± 5 5 
2 7 + 2 2 
Κ,,ιΙ by DASP-mi 
( 1 0 ' M 1 ) 
4 8 ± 1 7 b 
6 5 ± 1 0C 
0 2 d 
06 ± 02 1 5 ± 1 0 
The results represent the average Κ
ιΠ
 value ± standard deviation (determined at RT) 
The result represents the mean Ka„ value * the index of heterogeneity from Van Erp et al (1991) determined 
by the DA5P procedure, a sol particle immunoassay in which complex formation of the unlabelled antibody and 
antigen takes place in solution 
Calculated as described in Van Erp et al (1991) 
Index of heterogeneity not determined 
3.4 DISCUSSION 
Solid phase methods tend to be less favoured in biochemistry because of structural modifica­
tion of the protein caused bv immobilization For example, homogeneous liquid phase meas­
urements to determine the affinity constant are favored over heterogeneous solid phase affinity 
measurements because the\ measure the true intrinsic affinity constant Nevertheless, liquid 
phase methods, in which complex formation of antigen and antibody takes place m solution, 
have been replaced to a large extent b\ solid-phase methods where one of the reactants is 
immobilized Solid phase affinity measurements offer the possibilty of determing a functional 
and therefore more significant affinity constant, if the monoclonal antibody is actually 
employed in solid phase methods The fact that immobilization of the antigen can alter the 
affmiH constant of the monoclonal antibod\ should, however, be taken into account 
Molecules under test should be as congruent as possible to their operational states, as empha­
sised bv Conan (1985) Increasingly as for example in diverse diagnostic tests, this is achieved 
bv using the ELISA technique m combination with immobilization of the antigen In view of 
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tins, it is logical to use an ELISA for functional affinitv measurement which takes into account 
the solid-phase effects 
There has been a great deal of contro\ers\ regarding the effect of affinitv upon ELISA 
results (Steward and Lew, 1985, De\e\ and Steward, 1988) Most authors have stressed that 
the OD values of the ELISA measurements reflect the combined effects of affinitv and con­
centration of antibody (Nimmo et al , 1984) But it is reported that maximum OD values are 
markedly influenced by antibody affinitv (Peterfv et al, 1983) E- en more questionable is the 
use of the Law of Mass Action for affinity calculations Apart from the immobilization effect 
alreadv mentioned, solid-phase methods can bring about other effects (ι) kinetic changes due 
to diffusion effects (mass transport limitation at the initial binding step and reassociation 
instead of diffusion), which decreases the probability of reaching an equilibrium, (n) occur­
rence of cooperativi^ (lateral Fc-iiiteraction and binding site heterogeneity), and (in) stenc 
hindrance and bivalent binding Under such conditions, the interaction between antigen and 
antibody does not obey the Law of Mass Action and use of the Beattv-formulae becomes 
controversial 
Beattv et al (1987) realized these potential problems and made appropriate assumptions 
It is in this context that it has been claimed that the functional affinity constant is meaning­
less In most cases these reports refer to experimental conditions such as epitope density and 
especially to the frequency of bivalent binding which can be the cause of all the above-men­
tioned solid-phase effects (Lew, 1984, Steward and Lew, 1985, Devey and Steward, 1988, 
Kaufman and Jain, 1992, Ong and Mattes, 1993, Underwood, 1993) Several previous studies 
have reported negligible dissociation, with sometimes a half time of more than 240 hours 
(Nygreii et al , 1985) This could be theoretically and experimentally explained bv the biva-
lence of the antibody in combination with high antigen concentrations (normally over 30% 
occupancy of the surface) or multivalence of the antigen on the surface Complexmg effects 
such as lateral interaction of the Fc-domains (which stabilizes the antigen-antibody complex) 
and reassociation of the monoclonal antibody instead of diffusion from the surface can then 
occur (Stenberg and Nvgren, 1988) 
Consequently, the suggestion that equilibrium cannot be reached due to the slovyer asso­
ciation and, more especially, slower dissociation rates is |ustified Therefore, dynamic equilib­
rium must alwavs be assessed experimentally, especially m solid-phase affinity measurements 
Only when dissociation is so slow that binding is irreversible can equilibrium be discounted 
Under such conditions neither free active antibody nor antigen (immobilized in this case) will 
be present (Ong and Mattes, 1993) 
Apart from the fact that the presence of active free antibody is experimentally determined 
at equilibrium, the presence of active free antibody and immobilized antigen can be demon­
strated in a more theoretical wav Fig 3 shows four experimental sigmoid dose-response curves 
(fitted with our computer program) for the monoclonal antibody ΟΊ-3Α and using four hCG 
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coating concentrations successivek decreased bv J fjctor of two The increase in OD values 
manifest between the different sigmoid curves at one particular antibodv concentration 
demonstrated the presence of free active antibodv In a similar WJ\, the presence of active 
immobilized antigen under equilibrium conditions was shown bv the increase of the OD value 
on a single sigmoid curve (one particular hCG coating concentration) as the Mab concentra-
tion increases Experimentalk, the time to reach equilibrium was determined to be 16 hours 
This acceptable time is probabk the result of different factors Free antigen and monoclonal 
antibody were the starting point of the reaction leading to equilibrium Using the ant)gen-an-
tibodv complex as a starting point would have caused delav in reaching the equilibrium, 
because the dissociation rate of the complex is sigmficantk slower than the association rate of 
the two reactants 
Agitation also made a positive contribution to the diffusion effects b\ increasing both the 
association and dissociation rate (Nvgren et al , 1987, Stenberg and N\gren, 1988, Franz and 
Stegemann, 1991, Dux et al , 1991) Monovalent binding is another important factor, which 
helps to avoid possible binding site heterogeneitv but we mav rule out significant bivalent 
binding because the surface coverage of hCG-molecules does not exceed 1 6% (at a maximum 
coat concentration of 40 ng/ml hCG and assuming a diameter of 5 nm for hCG) The univa-
lence of hCG for the anti-hGG monoclonal antibodies is essential in order to reach this con-
clusion Also, mass transport limitations which occur at high antigen densities become less 
probable (Nvgren and Stenberg, 1992) In addition to equilibrium, non-co-operativit) 
(homogeneous binding, first-order kinetics) is also assumed in order to determine the func-
tional affinitv constant with the Law of Mass Action 
In conclusion, we believe that the Law of Mass Action is applicable to solid-phase affinitv 
methods under equilibrium conditions providing the complications of multivalent binding 
effects can be excluded, and as shown in this present method The assumptions of Beattv et al 
(1987) for using the Law of Mass Action are still valid and have been satisfied in our experi-
mental conditions However, the assumption that the OD value directk reflects the quantity 
of bound monoclonal antibody has to be retained This is a general problem for all systems 
that make use of labeled secondarv antibodies As the amount of immobilized hCG could 
plausibh be reduced b\ a factor of two following a 50% reduction in the coating concentration, 
the application of the Beattv-formula to our method for the determination of the functional 
affinitv constant was permissible 
Although Frankel and Gerhard (1979) have reported that antibodv affinitv constants 
measured bv solid and liquid phase affinitv methods are m good agreement, most authors 
report higher affinitv constants when heterogeneous binding is invoked (Stenberg and Nvgren, 
1988, Van Erp, 1991 Azimzadch tt al , 1992, Pellequer and Van Regeumortel, 1993) This 
overall increase in affinitv constant is normallv attributed to differences in kinetic rates 
Hence, it is often overlooked that monoclonal antibodies are in fact chosen on the basis of 
[ 5 5 ] 
[ C H A P T E R 3 ] 
their "solid-phase abilities", as is the case in hybridoma-screening Therefore, it is not surpris­
ing that, m general, monoclonal antibodies have a preference for the immobilized antigen over 
the native antigen, as can be seen by comparing the solid-phase affinities and the liquid-phase 
affinities in table 2 
Explorating from these functional affinity calculations to in vivo applications under solid-
phase conditions, (eg binding to cell-surface antigens) is not justified Lateral diffusion can 
play a ma|or role in antigen expression on cell membranes Furthermore, if multivalence of the 
antigen is probable, bivalent binding with its associated diffusion effects does not permit 
application of the Beatty-formula 
In summary, the data presented in this paper demonstrate the accurate determination of 
the binding-strength between a monoclonal antibody and its immobilized antigen by an 
improved experimental procedure Apart from the demonstrated reproducibility, the assump­
tions implicit in the use of the Beatty-formula are met by our method, which consequently 
increases the reliability of this functional affinity determination Finally, this simple method 
permits rapid and simultaneous screening and ranking of a considerable number of mono­
clonal antibodies, recognizing the same univalent antigen 
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Real-time Monitoring of Peptide-Surface and 
Peptide-Antibody Interaction by Means of Reflectometry 
and Surface Plasmon Resonance* 
Elma E M G Імотапі, Toni A M Beumer, Капп С S Damen, Manie A Bakker, 
and Wim J G Schielen 
The performance of immunodiagnostic assays such as ELISA is governed by many different 
factors Reflectometry was used to monitor peptide adsorption and the resulting antibody 
binding activity on a polystyrene surface Surface plasmon resonance was used to analyze 
affinity and kinetic parameters of the (immobilized) peptide-antibody interaction We 
demonstrate the capability of both the reflectometer and the BIAcore™ instrument to 
determine these immunoassay factors independently 
When peptidic antigens other than the parent protein antigen were applied, reduced 
antibody binding activity (10 times lower) and faster dissociation (100 times faster) rather 
than poor adsorption proved to be the critical factors determining immune reactivity 
When the peptides were modified chemically or when their molecular size was 
increased, antibody binding activity as well as affinity could be improved or even restored 
' published in J Colloid Interface So 192 238 249 (1997) 
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4 . 1 INTRODUCTION 
Due to convenience of use and relati\cly low cosls, immunoassay; such as the enzyme-linked 
immunosorbent assay (ELISA) have proven indispensable in the biomedical f ield o\er the past 
few decades. 
Plnsical adsorption of the protein (peptide) antigen onto polystyrene (microt i t rc wells or 
beaüs) is the most wideU used immobi l i za t ion technique for the generation of funct ional sur-
faces. Unfo r tuna tek , coating on pohs tuene is impeded b\ a number of factors such as (a) poor 
adsorpt ion, (b) ¿ndom or ienta t ion, (c) alteration of conformat ion , (d) steric hindrance and 
(e) altered kinetics which can lead to a partial or complete loss of antibody b ind ing capacity. 
The amount of bound mass and its f u n c t i o n a l ^ is essential in format ion regarding the quality 
Table 1 : Peptide and protein characteristics 
pept ide 
designat ion '1 
H-3A 
Ata-ЗА 
К,-ЗА 
G„-3A 
Н-1А 
Ata-IA 
Κ, I A 
G,-IA 
PCTP/C^ 
hCG1 
p e p t i d e sequence 
H-RLPGPSD-NH; 
Ata-RLPGPSD NH, 
K,-RLPGPSD N H ; 
G, RLPGPSD-NH, 
H DTPILPQ-NH¡ 
Ata-DTPILPQ-NH, 
K,-DTPILPQ NHj 
G.-DTPILPQ-NH, 
H-DREVLYREFDEMDSS 
S5KAPPPSIPSPSRLPG 
PSDTPILPQ-NHj" 
molecular 
mass 
(in Dalton) 
740 
856 
1637 
1196 
781 
898 
16/9 
1237 
4496 
- 3 8 0 0 0 
HPLC 
re tent ion t ime 
(in min) 
126 
149 
10 7 
14 2 
1 5 0 
166 
11 9 
160 
182 
HPLC 
pur i ty 
(in %) 
84 
100 
98 
90 
91 
loo 
96 
41 
54 
refract ive index 
increment 
(in ml/g) 
0 207 
0 247 
0 175 
0 248 
0 236 
0 260 
0 162 
0 266 
0 188 
0 185 
a) Ata = acetyl-thio-acetyl, K,- = H-KKKKKKK-, G,-- H-GGGGGGGG-
Peptide ЗА and 1A represent a part of the ammo acid sequence of the C-termmal part of the ß-chain of human 
chorionic gonadotropin (ßhCG-(133-1 39) and ßhCG-(1 39-145), respectively They are specifically recognized by 
monoclonal antibodies OT-3Aand OT-1A, respectively 
b) The pCTP/C100 combi-peptide comprises epitope ЗА and 1A at the С terminal end A third epitope sequence 
(DREVLYREFDEM) which refers to the C100 part of the NS4 region of the Hepatitis-C virus genome was synthesized to 
the N-termmal end of the (natural) ßCTP sequence oí hCG (ßCTP is ßhCG (117 145) 
c) Refer to Birken et al , (1991) for amino acid sequence 
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of immunodiagnostic assa\s These variables can be examined b\ means of coat mass, activity, 
and affinih measurements 
Over the past few years, real-time measuring techniques obviating the need to label the 
compound under examination luve pla\ed an e\er more important role in this context 
Adsorption studies on peptides are relatively rare (Ruzgas et al , 1992, Tsai et al , 1996) in spite 
of the fact that peptides are being used more and more frequently in immunodiagnostic assays 
due to increased specificiH requirements and a pressing need for cost reduction The adsorp-
tion characteristics of proteins as a function of time have been studied extensively b\ means of 
mam different real-time measuring techniques (Hidalgo-Alvarez and Gahsteo-González, 
1995) For practical reasons, most surfaces on which adsorption studies are performed consist 
of metal oxides Reflectometrv, however, allov\s to monitor the amount of peptide and/or 
protein molecules adsorbed on a polyst\rene surface and antibody binding capacity of the 
surface to be measured 
The purpose of the present stud\ was to find out whether reflectometry is suitable for real-
time monitoring of peptide adsorption onto polvstvrene and whether it can help to gain more 
insight into immunodssjv determining factors such as adsorption and antibody binding 
actmt\ Since the immune rcacti\it\ in LUSA is also governed by kinetic parameters, the 
BIAcoreIM, a commercialK available biosensor s\stcm based on surface plasmon resonance, was 
used to measure the kinetic associ.ition and dissociation constants of the reaction between 
antibodv and immobilized antigen These immunoassav variables were compared for various 
peptides and antigen sizes 
4.2 MATERIALS AND METHODS 
BIOMATERIALS 
The peptides and the protein used in this stud\ and their characteristics are listed in table 1 
The peptides were svnthesized using a Perkm Elmer Applied Biosvstems Ine 433A peptide 
svnthesizer using FastMoc 0 25 mmol procedures 
hCG and the mouse anti-hCG monoclonal antibodies OT-3A and OT-1A were obtained as 
described by Loomans et al (1995) Bovine serum albumin (BSA, Boseral type R) was obtained 
from Organon Teknika В V (Boxtel, The Netherlands) 
The peptide content was determined by means of amino acid analysis The refractive index 
increment (dnldi) of the various peptides and proteins was determined for each biomatenal 
BSA, hCG and IgG had a more or less equal refractive index increment (dn/dc) of 0 185 ml/g ± 
5% The peptides, however, showed a great variability regarding their refractive index incre­
ment which was determined in ELISA coating buffer (0 05 mol/1 bicarbonate pH 9 6) (table 1) 
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REFLECTOMETRY 
The reflectometer and its basic principles have been described elsewhere (Dubbeldam, 1988, 
Dubbbeldam, 1990) Briefly, reflectometry is based on the detection of the intensity of ρ and s 
polarized light (He-Ne laser 632 8 nm) after reflection on a polystyrene-coated silicon sub­
strate The angle of incidence is the Brewster angle for a silicon/water interface (70 4") Upon 
antigen adsorption on the surface of the wafer, the ρ and s intensities of the reflected light 
change, and the extent of this alteration is translated in the bound mass per surface area, as 
reported by Elgersma et al (1992) The adsorbed mass per unit surface (Γ) is calculated using 
the De Feyter relation (De Feyter et al, 1978) where the difference between the refractive 
index of the interaction layer and of surrounding medium is essential 
dpinp - nb) 
(1) Γ = -ί-^-ί^ -
(dnldc)p 
where, d is the thickness of the peptide/protein laver (m), π is the refractive index of the 
peptide/protein layer (unit), n¿,is the refractive index of the buffer solution (units), (dn I dc)p is 
the refractive index increment of the peptide/protein (ml/g) 
The substrate consisted of a silicon wafer (MEMC, Spartanburg, USA) which was 
spin-coated with a film of pure pohst)rene as described b\ Oldenzeel (1993) (dissolution of a 
microtitre plate (Greiner, Fnckenhausen, Germain) in toluene 1 2% w/w) Reflectometric 
experiments were carried out in a glass cuvette at ambient temperature m the absence of light 
under constant magnetic stirring Equal mass concentrations (2S0 Mg/ml) of the peptides and 
protein were used 
The measuring procedure was as follows 
1) blank measurement with coating buffer (0 05 mol/1 bicarbonate buffer pH 9 6), 
2) addition of concentrated peptide/protein solution (150 /il, 2 5 mg/ml) into the coating buffer 
(10-fold dilution in situ), 
3) washing procedure desorption check and 3 times refilling with phosphate buffered sahne (pH 
7 4, PBS, NBP1, Emmer-Compascuum, The Netherlands), 
4) addition of bovine serum albumin (BSA, 1 50 μΐ, 10 mg/ml) to the PBS buffer as a postcoat, 
5) washing procedure, 
6) addition of the specific antibod) to the PBS buffer (1 50 μΙ, 1 mg/ml) 
All interaction data were sampled until a constant signal was obtained Saturation was 
achieved in the case of peptide/protein adsorption and peptide-antibodv binding, as confirmed 
by further addition of the concentrated solution In general, the time series of peptide/protein 
adsorption, BSA adsorption, and specific antibody binding data amounted to 30, 15, and 60 
mm, respectively Specificity was checked using a non-specific (anti-HIV) monoclonal anti­
body Typical reflectometric binding series are shown m figure 1 
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The molar achvit\ (%) of the peptide/protem molecules .ldsorbed onto the polystyrene 
film was defined b\ the ratio of the molar amount of bound antibod\ to the molar amount of 
the adsorbed peptide/protem after desorption testing 
BIACORE 
Surface plasmon resonance (SPR) measurements were performed using the BIAcore instru­
ment (Instrument Id 361, Pharmacia BIAcore, Uppsala, Sweden) Its basic principles and 
applications have been described elsewhere in detail (Jonsson et al , 1991, Malmqvist, 1993) 
Briefly, the optical phenomenon SPR is generated b\ the interaction of incident light with 
free electrons in a thin gold film At a specific angle of reflection, SPR is observed as a decrease 
in light intensity The change in resonance is proportional to the refractive index of the 
medium close to the gold film, and can be described as a linear function of surface mass 
changes occurring at a distance of about 300 nm from the gold film surface 
In order to monitor the antigen-antibod\ interaction, the peptide/protem is covalently 
coupled to a CM5-sensor chip (Pharmacia BIAcore) Changes in the SPR angle due to anti­
body binding were continuously monitored and expressed as arbitrary resonance units (RU), 
where according to the BIAcore system manual 1000 RU correspond to a change of approxi­
mately 1 0 ng/mm2 m surface mass All BIAcore experiments were performed at 
25°C using a flow rate of 5 μΐ/min Sensor chip preparation was essentially performed according 
to the BIAcore system manual For immobilization, the "standard" procedure was followed, 
allowing the free amines of the peptides or hCG, ι e l\s\l amino groups or the N-terminal end, 
to couple to the carboxv-methylated dextran upon NHS (N-hydrox\-succinimide)/EDC( N-
eth\l-N'(dimeth\laminoprop\l) carbodnmide hydrochloride) activation of the carboxyl groups 
(Johnsson et al , 1992) Since the epitope peptides 1A and ЗА which are N-terminally extended 
with an Ata-group do not have primary amine groups, an alternative ligand coupling method 
based on the thiol groups was used (BIAcore system manual) The activated matrix yvas 
transformed into reactive disulphide groups by PDEA (2-(2-pyndinyldithio) ethaneamine 
hydrochloride) Prior to injection of the Ata-peptide (approximately 2 mm), the N-termmal 
acet\l-group of the Ata-peptide was released by adding 4 mol/1 of sodium hydroxide (final con­
centration 0 2 niol/l) and, consequently an SH-group is formed The peptide solution yvas 
neutralized after 15 sec by adding an equal amount of acetic acid Typically, between 20 and 
400 resonance units of the peptides were immobilized under these conditions 
The binding of the anti-hCG antibodies to immobilized peptides (ι e association) was 
determined b\ ni|ecting five different concentrations (50 nM - 1000 nM) of monoclonal anti­
body in Hepes buffer (running buffer 10 mmol/] Hcpcs, 150 mmol/1 NaCl, 3 4 mmol/1 F,DTA, 
0 05% surfactant P20, pH 7 4) o\er a period of 4 min Dissociation was assayed using two 
different methods (1) the direct method, b\ switching to running buffer only subsequently to 
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association, and (2) the indirect method where dissociation was assessed in the presence of 
different concentrations of hCG (0 - 5 дтоі/і) diluted in the running buffer and injected after 
dissociation had started After each run, the surface was regenerated (i e , complete dissocia­
tion of the covalent antigen-antibod\ complexes) b\ injecting 100 mM H O solution over a 
period of 4 mm Owing to this regeneration procedure the peptide surface can be used up to 
25 times for multiple binding experiments 
Data analysis and determination of both the association rate constant and the dissociation 
rate constant were performed using the BIAevaluation software 2 1 (Pharmacia BIAcore) Both 
rate constants were determined b\ fitting data at chosen intervals of time to a monophasic 
interaction model (pseudo first order kinetics) b\ means of integrated rate equation analysis 
R = [AR„R
m
„[l -e «[A>'- + ω < ] / ([A]*.. + *„,.) 
where, R is the response, A the anakte, R
mJ4 the maximum signal when all sites are occupied 
and £„, and fcdl„ the respective association and dissociation rate constants The affinity 
constant (Kjff) is defined b\ the ratio klsJ kd¡„ 
RESULTS 
The adsorption of the peptides (fig 1) and hCG onto a polystyrene surface and the subsequent 
binding of antibodies were followed as a function of time using the reflectometer A high initial 
coverage was reached within onk a few seconds after addition of the peptide coating solution 
The highest \alue of bound peptide mass was found for the K7-extended peptides, i e , 1 7 
mg/m2 for K-3A and 1 5 mg/m2 for K--1A, respectively (table 2) The other peptides showed 
lower values of bound mass, between 0 5 and 0 9 mg/m2 However, all peptide layers had essen-
tially the same molar density (table 2) The G„-e\tended peptides were an exception to this 
rule in sofar as their molar density was loyver Following adsorption, refilling of the emette with 
fresh coating buffer resulted in a fixed decrease in bound peptide mass of approximate!) 0 3 
mg/m2 for all coated peptides (fig 1) The original saturation level could be restored by adding 
fresh peptide solution (data not shown) BSA was adsorbed to the antigen surfaces in variable 
amounts ( 0 3 - 1 2 mg/m2) The amount of BSA which could be added proved to be independ-
ent of the amount of preadsorbed peptide Subsequently, binding could be obsened for the 
specific antibody only (fig 1), yyith acti\it\ leyels ranging from 1 to 4% for the yanous small 
peptides (except for H-ΙΑ) (table 2) The two K-extended peptides presented the highest 
bound antibody mass and activity 
These data show that (1) the reflectometer is an instrument suitable for real-time т о т 
tonng of peptide adsorption, (2) the peptide surface is specific with regard to antibody bind­
ing, (3) the reproducibility of this method is good (table 2) Since the various peptide 
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molecules showed significant differences with respect to their adsorption and activih proper­
ties, the value of reflectometr\ in comparative antigen studies is evident 
"T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
0 20 40 60 80 100 120 140 
time (mm ) 
Fig.1: The binding profile of OT-3A to physically adsorbed derivatives of peptide ЗА in the 
reflectometer The following steps were performed (A) coating with H-/Ata-/K7-3A (250 iJg/ml in 
0 05 M carbonate buffer pH 9 6), wash with carbonate buffer once (B) incubation with carbonate 
buffer for desorption testing, wash with PBS buffer pH 7 4 three times, (C) blocking with BSA (1 
mg/ml in PBS buffer), wash with PBS buffer (D) addition of non-specific (anti-HIV) antibody (100 
/L/g/ml in PBS buffer), no binding, wash in PBS buffer three times, (E) binding of OT-3A (100 /jg/ml in 
PBS buffer) 
Refractive index difference of the carbonate buffer and the PBS buffer always causes abrupt signal 
shifts, visible between step В and С 
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(thousands) 
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Fig. 2: Sequential binding of OT-3A and OT-1A in both orders to physically adsorbed pCTP/C,,» combi-
peptide in the reflectometer 
2A: The following steps were performed (A) coating with ßCTP/CIOO combi-peptide (250 /jg/ml in 
0 05 M carbonate buffer pH 9 6), wash with carbonate buffer once , (B) incubation with carbonate 
buffer for desorption testing, wash with PBS buffer pH 7 4 three times, (C) blocking with BSA (1 mg/ml 
in PBS buffer), wash with PBS buffer, (D) binding of OT-3A (100/jg/ml in PBS buffer), (E) addition of 
extra OT-3A (10 μΙ, 1 mg/ml m PBS buffer), wash with PBS buffer, (F) binding of OT-1A (100 pg/ml in 
PBS buffer), (G) addition of extra OT-1 A (10 μ\, 1 mg/ml in PBS buffer) 
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(thousands) 
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Fig 2 — continued 
2B: The following steps were performed, (Α-C) as in 2A, (D) binding of OT-1A (100 μα/η-ιΙ in PBS 
buffer), wash with PBS buffer, (E) binding of OT-1A (restores original binding level after desorption), (F) 
addition of OT-3A (100 цд/ті in PBS buffer), no binding 
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T a b l e 2 : A n t i g e n a d s o r p t i o n a n d a n t i b o d y b i n d i n g using r e f l e c t o m e t n / 
p r o t e i n ( m g / m ' ) ( l O ' m o l / m ' l OT-3A OT-1A 
Peptide ЗА 0 6 2 ΐ 0 15 8 38 * 2 03 1 4 2 - 0 1 5 
Ata- 0 76 · 0 1 3 8 88 ± 1 52 1 86 * 0 57 
К, 1 7 2 * 0 0 4 1 0 5 * 0 2 4 4 77 · 0 46 
G,- 0 67 · 0 02 5 60 * 0 1 7 1 64 
a n t i b o d y b i n d i n g act iv i ty (%) 
2 9 * 1 2 
2 4 * 1 3 
3 8 * 0 5 
1 9 
Peptide I A 0 7 4 * 0 0 2 9 4 8 * 0 2 6 
Ata· 0 57 - 0 10 6 3 5 * 1 11 
К,- 1 46 ± 0 41 8 70 ± 2 44 
G,- 0 53 * 0 05 4 28 ± 0 40 
ßCTP/C,„ 0 93 * 0 05 2 07 ± 0 11 
hCG 1 76 · 0 12 0 46 ± 0 03 
1 16 * 007 
1 85 ' 0 25 
1 02 ± 0 21 
2 71 * 0 43 
0 64 
2 38 * 0 18 
1 36 
63 ± 
32 2 * 
1 9 
06 
1 9 - 0 3 
2 7 * 1 3 
1 0 
1 1 7 * 1 8 
24 4 
a) The average values and standard deviation were determined in at least three experiments (except for the G, 
extended peptides) 
b) Peptide mass values without the influence of desorption 
Tuo other interesting observations regarding antigen size and activit\ could be made as a 
result of tins slud\ First, the larger ßCTP/Cm,, combi-peptide and the hCC protein showed 
substantialU lower molar densitv values compared to peptides (table 2) Also their antibodv 
binding mass values were lower when compared to the K7-extended epitope-peptides (table 2) 
However, their antibodv binding activities were considerablv higher (table 2) Secondlv, the 
activitv of epitope 1A was almost two times higher compared to epitope ЗА in the ßCTP/Сюо 
combi-peptide, showing values of 117% and 6 3%, respecliveh (table 2) This finding was 
further investigated m another series of experiments where both anti-hCG antibodies were 
subject to sequential binding using the reflectometer (fig 2) and BIAcore (fig 3) The experi­
ments clearK showed that (1) initial binding of ОГ-1А suppresses subsequent binding of OT-
3A whereas (2) initial binding of OT-3A does not prevent additive binding of OT-1A 
Apparently, half the immobilized рСТР/Сщ,, combi-peptide molecules reactive to antibody 
OT-1A is appropriate for OT-3A binding 
Affimtv is another interesting factor determining immunoassav results Unfortunateh, no data 
analvsis tools for this parameter are available for the reflectometer Instead we investigated the 
BIAcore instrument's suitabihtv for this purpose, even though the immobilization strategy 
differs from adsorption 
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Peptide coupling efficiency reflected bv antibod\ binding capacih, was studied for various 
dernatives of peptide ЗА, immobilized b\ the "standard" or the thiol-based method (fig 4) 
Both covalent coupling methods welded peptide ЗА surfaces capable of OT-3A binding 
However, the thiol method using Ata-3A proved to be superior, with a binding capacit) more 
than 10 times higher than that of H-3A immobilized b\ the "standard" method (table 3) 
RU 
1 1 3 0 0 - ι 1 0 9 5 0 
11200 
11100 
с 11000 
о 
CL 
1 0 9 0 0 -
10800 
10700 
Mab 1 Mab 2 Buffer 
100 200 300 400 500 600 
time 
Fig. 3: Overlay plot of sequential binding experiments of the same and different monoclonal antibodies 
OT-3A and ОТ 1A to ßCTP/C100 combi-peptide, covalently coupled to the dextran matrix in the BIAcore 
instrument 
First and second monoclonal antibody injections consist of single saturating concentrations of antibody 
(15μΙ, 800 nM, 5μΙΛτιιη) 
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Fig. 4: Sensorgram of the immobilization of the Ata-3A to the sensorchip and subsequent binding of 
OT-3A to measure antibody binding activity in the BIAcore (peptide g from table 3) 
A continuous flow of H8S buffer (5 μΙ/min) passes the sensor surface which is subsequently treated with 
(A) 15 μΙ of EDC/NHS to activate a portion of the carboxyl groups in the matrix, (B) 20 μΙ of PDEA to 
introduce reactive disulphides, (C) the Ata-3A (1 mg/ml, 7mm) whose SH-group was released before­
hand (see section materials and methods), (D) 5 mm exposure to Cys to deactivate residual reactive 
sulphide groups in the matrix, (E) conditioning of the peptide surface by a 1 mm flow of 100 mM HCl, 
(F) non-specific (anti-HIV) antibody (400 nM), injected for 2 mm, (G) 8 mm (saturating) injection of the 
specific antibody OT-3A (400 nM), (H) switching to running buffer, ι e dissociation (I) regeneration of 
the surface by a 4 mm injection of 100 mM HCl 
Table 3: Antibody binding activity of peptide ЗА surface 
p e p t i d e 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
H-3A 
H-3A 
K7-3A 
K7-3A 
Ata-3A 
Ata-3A 
Ata-3A 
i m m o b i l i z a t i o n * (RU) 
209 
250 
255 
408 
18 
188 
348 
antibody 
285 
1360 
1930 
3553 
1548 
16230 
16898 
ι" (RU) act iv i ty (%) 
0 6 
2 5 
7 7 
8 9 
49 1 
46 2 
26 0 
a) Parent peptide ЗА (H-3A) and lysyl extended peptide ЗА (K,-3A) were covalently immobilized by means 
of amine coupling The Ata extended peptide (Ata ЗА) was coupled to the dextran matrix by the "thiol" 
coupling method 
b) Bound antibody after injection of 40 μΙ OT-3A (400 nM) following immobilization 
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Table 4: Functional affinity measurements by the direct method using the biacore instrument 
covalently coupled 
peptide/protein 
(specific antibody) 
H-3A 
Ata ЗА 
K7-3A 
H-1A 
Ata-1A 
K7-1A 
ßCTP/C,00 
ßCTP/C10O 
hCG 
hCG 
(OT-3A) 
(OT-3A) 
(OT-3A) 
(OT-1A) 
(OT-1A) 
(OT-1A) 
(OT-3A) 
(OT-1A) 
(ОТ-ЗА) 
(OT-1A) 
к.,,, ± SD* 
( x l O ' M V 1 ) 
2 3 ± 0 6 
5 2 ± 2 9 
7 7 ± 3 2 
— 
1 6 0 ± 12 1 
1 6 0 ± 0 51 
0 3 ± 0 1 
5 9 ± 2 1 
8 1 + 4 8 
6 6 ± 2 1 
K,- ± SD" 
1x10-' s ' ) 
3 9 ± 0 5 
2 5 ± 1 0 
7 6 ± 1 2 
— 
49 6 ± 3 3 
3 3 6 ± 2 1 
3 1 ± 0 6 
59 6 ± 4 4 
0 04 ± 0 009 
0 2 ± 0 02 
K.„, ± bD 
(x10" M 1 ) 
0 6 ± 0 3 
2 1 ± 1 5 
1 0 ± 0 5 
— 
0 3 ± 0 2 
0 5 ± 0 2 
0 1 ± 0 03 
0 1 ± 0 04 
206 ± 130 
39 5 ± 13 5 
a) The average values ot the association rate constants and the dissociation rate constants as well as their stan 
dard deviation were determined in at least two binding experiments at different surfaces Each binding experi 
meni consisted of 5 concentrations Each concentration resulted in a association rate constant and a 
dissociation rate constant 
The prime target of these BIAcore studies was to determine the kinetic rate constants as 
well as the affinitv constants for all peptides and hCG Data obtained through the direct 
method showed monophasic curves (also for ßCTP/C100 combi-peptide and hCG), and the 
residual plots (i e plots of difference between measured and calculated data) were scattered 
almost or completeh at random, suggesting homogeneity of the immobilized peptides and the 
bimolecular binding model's suitability for this experimental set-up All epitope-peptides 
showed similar affinities, in the order of 107 M' , except for H-ΙΑ (table 4) H-ΙΑ was not 
actne after covalent coupling through the terminal amino group Considering antigen size it 
was remarkable that the affinity constant of the ßCTP/C,,,,, combi-peptide for OT-3A and ΟΤ­
Ι A was at least Ϊ times lower compared to the epitope-peptide affinities This was mainly due 
to slower association In comparison with the peptides, the calculated affinity constants of 
hCG (which showed onK negligible dissociation) were 100 times higher for both monoclonal 
antibodies 
M 
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time 
Fig. 5: Overlay plot of the sensorgrams obtained from the indirect method OT-3A was injected for 8 
mm (400 nM, 5 μΙ/min) over an Ata-3A surface The concentrations of hCG injected during the disso­
ciation phase were 0 2 (uppermost curve), 0 4, 0 6, 0 8, 1 0, 2 0, 3 0, 4 0 and Б 0 μΜ in this study 
However, all peptide affinity values determined bv means of the direct method turned out 
to be overestimated This phenomenon could be tracked down to rebinding effects leading to a 
decreased kdlss value To demonstrate that rebinding was taking place we (1) increased the flow 
rate (data not shown), and (2) performed studies with increasing hCG concentrations using 
the indirect method (fig 5) Increasing flow rate and hCG concentrations were both correlated 
with accelerated dissociation Inaction of a high concentration of peptide competitor (1 μΜ) 
during the dissociation phase did not increase the off-rate (data not shown) Apparently, 
rebinding of dissociated antibody was ver\ efficient as we were not able to prevent rebinding 
completely by adding high concentrations of hCG (fig 6) For H-3A, the "real" kd,„must there­
fore exceed 4 5 ± 0 3 χ 10 ' s ' (fig 6A) Plotting the injected hCG concentration against the 
calculated kdlss yielded straight lines This linear correlation we found between the increase m 
kdlsJ and hCG addition is a function of (1) the dissociation rate constant of the peptide-anti-
body complex itself, (2) the association rate constant, ι e , the rebinding of the released anti­
body to free active immobilized peptide, and (3) the concentration of active peptide present 
on the surface (see the appendix) The slopes differed from each other b\ a factor of 9 to 80 for 
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eqimalent peptides (Libie 5) Not kinetic differences 
but the \ .mance in the ¿mount of ac tne peptide 
molecules present on the surface (peptide a, peptide c, 
and peptide f from table 3, respectneK) accounted for 
the differences found between the slopes Therefore, 
nil the epitope-peptides still showed similar relative 
affinities (1 e the same affmih ranking) when 
interference due to rebinding effects was reduced 
In summarv the BlAcore was shown to be suitable 
for determination of the affmit\ between the 
immobilized pcptide/protein and antibody e\en 
though rebinding effects must be reckoned with 
Table 5: Calculated slopes in the heg 
injection experiment 
peptide 
H-3A 
Ata-3A 
K7-3A 
H-1A 
Ata-1A 
K7-1A 
slope ± SD' 
( 10") 
1 4 ± 0 06 
0 017 ± 0 001 
0 061 ± 0 003 
— 
272 ± 35 
30 ± 8 
a) Slopes and standard deviation have 
been determined by regression analysis 
of data shown in figure 6A and 6B 
800 
fiOO 
100 
200 
kcl«, s(IOF 1Л) 
_^^"* 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
Í 
1 1 
hCG cone (пМ) 
kcHidOF ЗЛ) 
6A: For Ata-3A ( X ) the к,,,
я 
values from fig 5 are plotted 
against the hCG concentration 
The same procedure was 
performed with H-3A ( • ) and 
K7-3A ( О ) The кф,, values at a 
hCG concentration of 4 0 and 
5 0 μ Μ for parent peptide ЗА 
could not be determined 
6B: The I c ^ values of the 
indirect method are plotted 
against the hCG concentration 
for Ata-IA ( • ) and K7-1A 
( Χ ) H-1A gave no resonance 
signal upon OT-1A injection 
Ί0Ο 500 
hCG cone (nM) 
Fig. 6: The k<jiss values of the epitope-peptides with their standard deviation are plotted against the 
hCG concentration A regression analysis has been performed 
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4 .4 DISCUSSION 
We used two real-time instruments, the reflectometer and the BIAcore, to examine various 
immunoassay properties such as coating mass, activity and kinetics This report clearly demon-
strates that reflectometr), as we applied it in our experiments, is a technique suitable for 
acquiring information on essential coating properties such as quantity and activity of (small 
synthetic) peptides and proteins However, some important remarks are in place here Reflec-
tometrv which uses the change in refractive index as a measure for immobilized mass allows 
the use of polystyrene as the solid phase This is important for several reasons Despite 
frequent use of the de Fevter equation for the determining surface coverage (Elgersma et al , 
1992, Bernard and Bosshard, 1995, Malmsten et al , 1996), no reports ha\e vet been published 
that demonstrate validity in current assay procedures Therefore reflectometry ma) find its 
most powerful application in the comparison of relative data on mass and activity on a surface 
similar to the polymer surface generally used m immunodiagnostics Moreover, real-time 
experiments with other surfaces, mostly hydrophilic ones, have shown a much slower increase 
of adsorbed mass or no increase at all (Ruzgas et al , 1992, Malmsten et al, 1996) and conse-
quently are not representative for the adsorption process in immunodiagnostics The coating 
experiments had to be performed at relatively high concentrations of 250/¿g/ml since polysty 
rene on a silicium wafer showed intrinsic drift of the base line prior to surface coverage with 
biomatenals Nevertheless, the conclusions drawn from our experimental set-up are valid since 
coating conditions were identical (Hidalgo-Alvarez and Gahsteo Gonzalez, 1995, Fukuzaki et 
al , 1996) 
Considering the peptide surface coverage after desorption (e g 0 3 mg/m2 for H-3A), it is 
plausible that it represents a realistic adsorption mass value since the peptide surface coverage 
did not exceed a monolayer structure Theoretically, a peptide monolayer can be estimated to 
have a coat mass of approximately 0 36 mg/m2, assuming that the average radius of a globular 
peptide molecule (MW 750) is 1 5 nm and the average coat mass of an IgG monolayer is 2 
mg/m2 (Hidalgo-Alvarez and Galisteo-Gonzalez 1995) Others report peptide adsorptions of 
0 5 to 5 0 mg/m2 using different substrates (Ruzgas et al , 1992, Tsai et al 1996), which meets 
the range found for protein monolayers (Hidalgo-Alvarez and Galisteo-Gonzalez, 1995) 
However, estimates concerning the area actually required for a small peptide molecule to 
adsorb to polystyrene are rather uncertain as the molecule lacks a stable secondary structure in 
solution (Li et al , 1995) A variety of peptide conformations (among which a preferred one can 
be "selected") is possible at the surface (Stevens 1991) Conformational change as a result of 
adsorption onto a hydrophobic surface, a phenomenon often reported for proteins (Malmsten 
et al , 1996), could be a determining factor too m the peptide adsorption process 
When the suitability and limitations of reflectometry for the purposes of this study had 
been established, the various antigens tested were found to have different biomolecular 
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properties with regard to adsorption and activity (table 2) These variances and their correla-
tion to modifications of the parent peptide and antigen size will be discussed in the following 
It is often argued that poor peptide-bLlSA reactivity is due to the fact that short peptides 
(e g less than 20 residues in length) lack sufficient secondary and tertiary structural features or 
do not have enough side chains to bind well to plastic surfaces (Briand et al , 1985, Tam and 
Zavala, 1989, Dagenais et al , 1994) Our results, however, show that the process of adsorption 
of small peptides onto pol)st\rene is not the main problem The molar density of a surface 
coated with small peptides is, in fact, even higher than that of the larger ßCTP/C10ü combi-
peptide and the protein hCG Yet, in general, the antibody binding activity is inversely related 
to the molar density, which corresponds to most of our results An increase in coating density 
will lead to a progressive decrease in lateral freedom of movement required for specific interac-
tion with the antibody, or to stencal hindrance of antibody which is already bound (Van den 
Heuvel et al 1993) Nevertheless, the K7-peptide (ι e with the highest molar density) showed 
the highest bound antibody mass of all antigens tested (table 2), suggesting that the lack of 
unnecessary protein domains can increase the total antibodv binding capacity Several explana­
tions are possible Most probably, the K7-extension improves the conformation and/or orienta­
tion of the peptide with respect to antibody interaction Currently, there is no technique 
suitable for discrimination between conformational and/or onentational effects Different clus­
tering properties could contribute to the phenomenon since several authors report some kind 
of aggregation (island-like structures) of adsorbed protein molecules, even on hydrophobic 
surfaces (Uyen et al , 1990, Davies et al, 1994) Increased resistance to displacement bv BSA or 
antibodv may also play an important role, as displacement cannot be excluded 
In contrast to H-3A, neither upon adsorption on a polystyrene film in the reflectometer nor 
after covalent coupling of the N-terminal end in the BIAcore was H-ΙΑ recognized bv its 
specific antibody Different epitope mapping methods for OT-3A and OT-1A may be the 
reason To localize both epitopes, relevant peptide sequences for the mapping of OT-1A were 
first conjugated to a large protein carrier such as BbA whereas the relevant peptide sequences 
for the mapping of OT-3A yvere synthesized and assayed directly on polyethylene pins (Geysen, 
198?) Under these circumstances, the peptide conformation of free parent peptide 1A, neces­
sary for specific antibody binding, is likely more drastically changed upon adsorption or cova­
lent coupling than of free parent peptide ЗА, thus impairing or preventing recognition of OT-
1A The reason why the N-terminally extended 1A peptides prove superior may be that the 
epitope sequence itself is less involved in the adsorption process in their particular case 
OT-1A showed additive binding to an OT-3A saturated surface on which ßCTP/C100 
combi-peptide was immobilized (coated or covalentlv coupled) Fagerstam et al (1990) 
reported that whenever a particular pair of monoclonal antibodies binds to the immobilized 
antigen in sequential formation, it is likely to bind to the non-overlapping sites The report 
deliberately ignores the possibility of testing in reverse order Our pair of monoclonal 
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antibodies binds in sequential formation when tested in one particular order Yet, the 
antibodies' epitope sites clearh do overlap since the aspartic acid (C-terminal residue of 
epitope ЗА and N-terminal residue of epitope 1A) is crucial for specific antibodv binding to 
both epitopes, as determined b\ the ala-scanning method (data not shown) Therefore, simul­
taneous binding of both antibodies to a single ßCTP molecule is ven unhkeK to occur This 
emphasizes the need for testing in both orders to be able lo asses the presence of non-overlap-
ping epitope siles 
In the BIAcore, both the standard (EDC/NHS) and the thiol-based procedure proved to be 
suitable for coupling of the peptides to the hvdrophihc matrix Nevertheless, disulphide 
coupling preserved a higher antibodv binding activitv m comparison to amine coupling, for 
reasons unknown Tins outcome corresponds to the report bv Richalet-Secordel et al (1994) 
The N-terminalh extended 1A peptides associate and dissociate about one order of magni-
tude faster than the ЗА peptides even though their affinitv constants are more or less identical 
(table 4) Therefore, the information we obtained with regard to the individual kinetic rate 
constants bv means of the BIAcore can be verv useful, с g to select an antibodv suitable for 
diagnostic purposes 
Dissociation of the antibodv from the hCG protein, determined with the direct method, 
was almost two orders of magnitude slower than dissociation from the peptides A possible 
explanation is that the conformational restnetment of the epitope on the protein results in a 
stronger interaction (Altschuh et al , 1992) Interestinglv, for both antibodies, association to 
the larger ßCTP/C100 combi-peptide proved to be slower than association to the epitope-pep-
tides This result is particularly remarkable for ΟΙ ΙΑ since a synthetic ßCTP-conjugate was 
used to raise OT-1A In general, it is unusual for a paratope to bind strongly to epitopes other 
than the one against which it was raised (Van Regenmortel, 1992) If binding to the antibodv 
binding site involves a conformational adaptation, the so-called induced-fit mechanism, the 
higher structural flexibihtv of the small uncon|ugated peptides mav facilitate association 
(Altschuh et al 1992, Mani et al , 1994,11 et al 1995) 
The presence of rebinding an often reported phenomenon in BIAcore experiments 
(Wohlhueter et al , 1994, Karlsson and Stâhlberg 1995, Morton et al , 1995, Nieba et al , 
1996), proved to obscure the "real" dissociation constant of the peptide-antibodv interaction 
in our experiments since the dissociated antibodv rebinds to free immobilized peptide in stead 
of leaving the dextran component of the sensor cell In contrast to the addition of hCG, the 
addition of a soluble peptide to the buffer during dissociation, did not increase the off-rate 
This is confirmed bv other authors (Glaser, 1993, Nieba el al , 1996) Possiblv, the soluble hCG 
is able to compete more effectivelv with the surface-bound peptide due to its higher affinitv 
(table 4) Unfortunately verv high concentrations of soluble antigen would be necessarv to 
achieve complete suppression of rebinding This is because the thickness of the diffusion laver 
decreases when soluble antigen is added, as stated bv Glaser (1993) 
[ 4 
[ R E A L T I M E P E P T I D E A D S O R P T I O N A N D F U N C T I O N A L I T Y 1 
The results demonstrate that the same affinity ranking between equivalent (N-termmallv 
extended) peptides can be achieved when limiting the effects of rebmding, as m the indirect 
method (table 5) Apparently the direct method ma\ reproduce affinity ranking in solution, 
however with relative affinities as a result of rebmding effects 
Nevertheless, immobilization of the antigen, a standard procedure in the BIAcore as well as 
in liiiinunodiagnostic assavs, precludes the determination of intrinsic affinity, i e the meas-
urement of true thermodynamic affinities Yet, if both the antigen and antibodv will be used in 
solid-phase assavs the measurement of functional kinetics under solid phase conditions as m 
the BIAcore and ELISA could prove more valuable than classical liquid-phase affinity methods 
and afflints ranking with the hCG competition method described in this report However, it 
remains doubtful whether the BIAcore results with peptide antigens obtained bv the direct 
method can be used as a model for the peptide-ELISA BIAcore and ELISA are performed 
under quite different immobilization conditions since the antigen in the BIAcore instrument is 
covalently coupled to a hvdrophihc dextran matrix whereas in the regular ELISA assay the 
antigen is physically adsorbed to hydrophobic polystyrene Both methods may induce different 
conformational changes in the antigen upon immobilization (Zeder-Lutz et al , 1993, 
Benkirane et al , 1995), thus affecting functional kinetics in different fashions (Butler, 1992) 
Nevertheless, the results of previous experiments where the functional affinity constants of 
both anti-hCG monoclonal antibodies OT-3A and OT-1A were determined upon adsorption of 
hCG by means of an improved ELISA procedure (Loomans et al , 1995) corresponded to the 
current BIAcore data (within a factor of 2) 
In summary, we showed that both the reflectometer and the BIAcore are suitable for inde-
pendent monitoring of various immunoassay characteristics In spite of the limitations of our 
experimental set-up, it may be concluded that the critical assay factors are limited antibody 
binding activity and antibody affinity when peptidic antigens other than the intact protein are 
applied This means that chemical modification or enlargement of the peptides may help to 
improve important immunoassay properties 
A comprehensive knowledge of certain immunoassay parameters will contribute to the 
improvement of diagnostic assay design and quality Up till now, efforts to optimize immuno-
assay performance have been dominated bv the empirical approach However, the process of 
optimization can itself be optimized and speeded up if we manage to acquire a deeper insight 
into the factors that limit immunoassay performance Furthermore, such insight will offer new 
perspectives m the wav of directional antibodv and antigen engineering 
["] 
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4.6 APPENDIX 
MATHEMATICAL DERIVATIONS TO THE INDIRECT METHOD WITH THE BIACORE 
The observed net rate of formation or dissociation of AB complexes approaching equilibrium is 
the sum of two rate expressions 
(1) ^ = M A ] [ B 1 - * [AB] 
where, [AB] is the concentration of the peptide-antibod) complex (M), [A] the active peptide 
concentration immobilized (M), [B] the antibod\ concentration (M), &
ass
 the association rate 
constant (M 's '), and kAl„ the dissociation rate constant (s"1) 
The injection of hCG, able to bind to soluble В when dissociated from A, has the following 
consequence for the formation or dissociation of B, thereby neglecting dissociation of the 
hCG-antibod\ complex 
(2) ^Щ = кл
п
{\Ъ\ - <U[ A] |B] - ¿ Ч В ] [C] 
at 
where, [C] is the concentration of hCG (M), and k\
ss
 the association rate constant of the 
hCG-antibody complex 
In the stationan phase, the free antibod\ concentration will be constant, resulting in 
<" f •» 
(4) [В] 
(5) 
Thus from eqs (2) and (3) 
fclm[ABj 
MA] + *MC] 
B\ substituting eq (4) in the rate equation (1) for formation of AB gives 
d[AB] Us-[AB] 
at ( M A I / k'*»[C] ) + 1 
At very high concentration of hCG ( k„
s
[A\ / k'^[C] <к 1), the net dissociation of AB is onl\ a 
function of £dl!„ the real dissociation rate constant 
[ 78] 
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dl 
At the concentration range of hCG we used (i:
a
„[A] / ^'„4[C] » ]), the net dissociation of AB 
is a function of (a) £dls„ the dissociation rate constant of the peptide-antibody complex itself, 
(b) fc
als> the association rate constant, ι e , the rebmding of the released antibody to free active 
immobilized peptide, and (c) [A], the concentration of active peptide present on the surface, 
since &'
a
„[C] is constant for the different peptides used 
d[AB] fe',m-U»[AB][C] 
dt ~ JU[A] 
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The Influence of Binding Capacity and Affinity on the 
Improved ELISA Response of N-terminally Extended hCG 
Peptides, Determined by ELISA-based Methods* 
Elma E M G Loomam, Tom С / Gnbnau, Henri Ρ J Bloemers and Wim ƒ G Schielen 
The mechanism of peptide-ELISA response improvement by the use of small synthetic 
peptides elongated at the N-termmus with an Ata-group or a (Lys)7 extension was analyzed. 
For this purpose, binding capacity and affinity were evaluated by specific ELISA methods 
The ELISA experiments on binding capacity, performed with saturating antibody 
concentrations, revealed a difference of more than three orders of magnitude in binding 
capacity between the parent peptides and the N-terminally linked peptides, in favor of the 
latter peptides 
Antibody affinity values were determined by a liquid-phase equilibrium method as well 
as by a solid-phase equilibrium method N-terminal extension of the peptides had almost no 
effect on the affinity when equilibrium between the peptide and the antibody was reached 
in solution In contrast, solid-phase affinity was greatly enhanced when the N-terminally 
linked peptides were adsorbed to the polystyrene surface, by a factor which varied with the 
N-termmal extension and the peptide amino acid sequence (40 to 600 times higher) 
Thus, the use of N-terminally extended peptides can greatly increase the performance of 
a peptide-ELISA through improved surface effects, resulting in higher binding capacity and 
functional affinity 
' submitted for publication 
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S.1 INTRODUCTION 
Since it was clear that ELISA results can be improved in terms of specificit\ b\ the use of (epi-
tope-) peptides (Dopel et al, 1991, Lacroix et al , 1991, Ivanov et al , 1992, Yu et al , 1996-I 
and 1996-II), the problem of the loss of antigenicity has been dealt with bv many investigators 
(Tarn and Zavala, 1989, S0ndergard-Andersen et al, 1990, Boudet et al, 1991, Gegg and 
Etzler, 1993, Price et al, 1993, Dagenais et al, 1994, Lagace et al, 1994, Gregonus et al , 1995, 
Niveleau et al , 1995) N-terminal elongation of the peptide with an additional acetvl-thio-ace-
tvl (Ata) group or a polv(Lys) extension at the N-terminus during peptide synthesis, as 
reported in a previous paper (Loomans et al , 1997-1), is onK one of the manv peptide 
immobilization strategies described in literature However, it could be concluded that both N-
terminal extensions enhanced the ELISA response (referred to in that article as coating effi-
ciency) of the various small peptides, which permitted the use of 102 to 104 fold lower peptide 
coating concentrations compared to the conventional parent peptide (free N-terminus) to 
obtain a particular ELISA signal Replacement of the Ata-group bv Ata-analogues or the addi-
tion of basic amino acids different from lvsine to the N-termmal of various peptides did not 
significantlv reduce the improvement of the ELISA response 
Now, we want to identify the mechanism which favors antibody binding to immobilized 
Ata- or lvsyl peptides m ELISA The success of a tv pical (peptide) ELISA procedure depends 
on two key steps (1) the process of antigen coating, and (2) the process of antibody binding 
On the one hand, coating depends on the amount of adsorbed peptide molecules, which is 
determined only by the binding strength between the peptide and the polystyrene surface 
when mass transport is not a limiting factor On the other hand, the efficiency of peptide 
coating is determined by the peptide's activity which is greatly influenced by the orientation 
and the conformational structure (flexibility) of the peptide antigen So, the process of coating 
determines the binding capacity Apart from the antibody concentration, the process of anti-
body binding is regulated by the strength of the binding interaction between the adsorbed 
peptide and the monoclonal antibody, expressed as the functional affinity constant Ultimately, 
both binding capacity and functional affinity of peptide and antibody determine the ELISA 
response 
If an analysis is to be made of binding capacity, the influence of affinity should be excluded 
in ELISA Through the addition of a saturating antibody concentration in the peptide-ELISA 
this effect can be obtained Alternatively, when coating effects are excluded (actually when 
binding capacities of the adsorbed peptides are identical) the influence of affinity on the 
ELISA results can be quantified In the literature, several variants of the ELISA method have 
been designed to measure the affinity constant of the antigen-antibody interaction (Conan, 
1985, Friguet et al , 1985, Beattv et al, 1987, Rath et al 1988, Schots et al , 1988, reviewed in 
Goldberg and D|a\adi-Ohaniance, 1993) 
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In tins stuck «e report on the differences in binding capacit\ between different peptide 
presentation formats of tuo short epitope-sequences (hepta-peptides) derived from the β-
thain of human chorionic gonadotropin botli parent peptides were compared to their Ata-
e\tended and their l\s\l-extended equivalents In order to compare affmitv two ELISA-based 
methods were chosen, a non-competiti\e direct procedure and ¿n indirect competitive one, 
based on Beattv et al (1987) and Fnguet et al (1985), respectiveK 
5.2 MATERIALS AND METHODS 
BIOMATERIALS 
I he peptides used in this stud\ and their characteristics are listed in table 1 
The peptides were synthesized on a Perkin Flmer Applied Bios\stems Ine 433A peptide 
SMithesizer (bmoc-chemistrv overview in Fields and Nobel, 1990) using FastMoc 0 25 mmol 
procedures More details on synthesis and purification of the peptides is given in I oomans et 
al (1997-1) liCC and mouse anti-hCG monoclonal antibodies OT-3A and ΟΓ-1Α were 
obtained as described in L oomans et al (1995) Bovine serum albumin (BSA, Boseral type R) 
was obtained from Organon Teknika В V (Boxtel, The Netherlands) The sheep-anti mouse 
IgC (SAM) was coii|ugated to horse radish peroxidase (HRP) according to the procedure of 
Wilson and Nakane (1978) 
Table 1: Peptide characteristics 
peptide 
3 Α­
ΒΑ 
ЗА 
1АЬ 
1A 
1A 
N-linked 
moiety 
Η 
Ata 
κ7 
Η 
Ata 
κ7 
molecular weight 
740 
856 
1637 
781 
898 
1679 
retention time 
(HPLCXin min) 
1 2 6 
1 4 9 
107 
1 5 0 
1 6 6 
11 9 
purity 
(HPLC) (in %) 
84 
100 
98 
91 
100 
96 
a) Represents the amino acid sequence 133 139 from the С terminal part of the β chain of human chorionic 
gonadotropin 
b) Represents the amino acid sequence 139 145 from the С terminal part of the β chain of human chorionic 
gonadotropin 
[ e s ] 
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E L I S A PROCEDURE FOR COMPARING BINDING CAPACITY 
The polystyrene microELISA plates (Greiner, Frickenhausen, Germam) were sealed during 
even incubation with an ELISA plate sticker (to prevent evaporation) and washed (Washer 
Microelisa system 400, Organon Teknika, Boxtel, The Netherlands) four times with PBS-Tween 
(6 7 mmol/1 Na/K phosphate buffer pH 7 2, 0 13 niol/1 NaCl, 0 05% (v/v) Tween-20) after each 
incubation Blanks were included to check for non-specific binding of the monoclonal antibody 
and the sheep anti-mouse IgG coniugate 
The synthetic peptides (parent or N-termmalK extended), serially diluted (135 μΐ) in 50 
mmol/1 bicarbonate coating buffer (pH 9 6), were allowed to coat during overnight incubation 
at room temperature with constant shaking (600 rpin, TPM-2 shaker, Sarstedt, Numbrecht, 
Germany) Non-specific adsorption of the monoclonal antibody and/or coniugate was 
prevented by including an incubation with ahquots of 135 μΐ of bovine serum albumin (BSA 
2 0 g/1, Organon Teknika, Boxtel, the Netherlands) m Tris-buffer (pH 7 4) for 2 h at room 
temperature, after the first washing procedure Subsequent to the BSA incubation and another 
wash, 100 μ] monoclonal antibody solution ("saturating" antibody concentration, 0 1 - 250 
μg/ml) diluted in sample diluent (20% v/v normal goat serum m 1% [v/v] triton in 7 6 mmol/1 
sodium phosphate buffer [pH 7 4] with 120 mmol/1 NaCl) was added to each well and incu­
bated for 1 h at room temperature with constant shaking After washing, bound IgG was 
detected b\ incubating the wells with excess sheep anti-mouse IgG (SAM) conjugated to HRP 
m sample diluent (100 μΐ total concentration of 2 5 μg/ml) for 30 nun at room temperature 
under constant shaking The fraction of SAM that contained HRP was 1/448 000 to guarantee 
that the maximum plateau levels were within the linear part of the OD-range Additional 
experiments showed that further dilution of the coniugate bv a certain factor resulted m a 
change of the FLISA signal b\ the corresponding factor (data not shown) The final washing 
procedure was followed by color development, which was initiated by adding 100 μΐ of the 
substrate solution (0 45 mmol/1 3,3',5,5'-tetramethvlbenzidine, 1 5 mmol/1 H 2 0 2 and 0 1 mol/1 
sodium acetate pH 5 5) The reaction was terminated, after 30 min incubation at room 
temperature in the dark, by adding 100μ1 of 1 mol/1 sulphuric acid solution Absorbance values 
at 450 um were measured on a Microelisa reader 530 (Organon Teknika, Boxtel, The Nether­
lands) 
Comparison of binding capacity between parent and N-terminallv extended peptides is 
made in terms of the peptide coat concentration offered to the wells which is necessary to 
achieve 50% of the maximum ELISA signal (ЕС;„) ЬС ; о values were determined b\ a 3-
parameter fit, according to Rodbard and Feldman (1978) Each experiment was performed at 
least twice The results of representative experiments were shown 
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N O N - C O M P E T I T I V E , DIRECT ELISA PROCEDURE TO MEASURE AFFINITY 
Functional affinity was measured essentially according to Loomans et al (1995), a report 
describing the experimental conditions necessary to use the method of Beatty et al (1987) 
Briefly, wells of the microELISA plate were coated with a fixed peptide concentration of 350 
μΜ which reveal the same binding capacity for all peptide ЗА equivalents, however, not for the 
peptide 1A equivalents (see results and discussion section) Coating conditions and postdat­
ing correspond to the conditions described aboye Subsequently, 100 μΐ monoclonal antibody 
was added and incubated in a concentration range (1 mg/ml - 10 ng/ml) for 5 hr at room 
temperature with constant shaking until equilibrium was reached Bound antibody was 
detected with SAM-HRP 1/448 000 dilution (total SAM concentration 2 5 Mg/ml) as described 
above Absorbance values were measured, either kmetically, ι e before the substrate reaction 
was terminated (at \
w
), or after terminating the substrate reaction subsequent to 30 mm 
incubation of the substrate solution (at A|50) 
The functional affinity constant (K
aff) is calculated by selecting the antibody dilution, which is 
necessary to achieve 50% of the maximum absorbance value (Mab K ! 0 ) , derived from a fitted 
curve according to a 3-parameter fit (Rodbard and Feldman, 1978) This antibody dilution is 
used in the following equation, derived from the Beatty formula (Beatty et al , 1987) 
(1) Kaff = 
2[МаЬ]
Е С
-0 
INDIRECT COMPETITIVE ELISA PROCEDURE 
Affinity was measured essentially according to the method developed by Fnguet et al (1985) 
Briefly, wells of the microELISA plate were coated overnight with an hCG concentration of 10 
ng/ml (in the case of OT-3A binding) or 500 ng/ml (in the case of OT-1A binding) and post-
cojted as described above At the same time, a fixed antibody concentration (1 Mg/ml OT-3A 
or 25 Mg/ml OT-1A) was preincubated with varwng concentrations of the peptide in sample 
diluent for 2 h at room temperature with constant shaking Of this solution-phase equilibrium 
mixture, ΙΟΟμΙ was transferred to - and incubated for 1 hr at room temperature with constant 
shaking m - the hCG-coated wells to detect free antibody Bound antibody is then detected 
with SAM-HRP 1/5000 dilution (total SAM concentration 2 5 Mg/ml) as described above 
Since in our method a molar excess of peptide was used in comparison to antibody and 
immobilized hCG, the disturbance of the solution-phase equilibrium was minimized There­
fore the K[, (the reciprocal of Kjff) can be determined as the initial peptide concentration 
which causes 50% inhibition of color de\elopment (Piehler et al , 1997), derived from a fitted 
curve according to a 3-parameter fit (Rodbard and Feldman, 1978) A correction that takes into 
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5.3 RESULTS A N D DISCUSSION 
At first, the contribution of binding capacitv in ELISA response was assaved Fig IB and 1С 
show that OT-3A concentrations above 10 Mg/ml and 100 Mg/ml saturated am coating of Ata-
peptide ЗА and K--peptide ЗА, respecti\el\ It could furthermore be concluded that a peptide 
concentration in the coat solution of approximateh 300 nM and 600 nM ensured the same 
level of maximum binding capacit\ for both the Ata-peptide ЗА and the K-peptide ЗА, respec-
tivelv In the case of parent peptide ЗА, even an OT-3A concentration of 250^g/ml probabk 
did not fullv saturate this peptide surface (fig 1A) The parent peptide ЗА failed to reach 
maximum binding capacitv up to a coat concentrai ion of 350/i.M This resulted m a difference 
m binding capacih of three orders of magnitude between the N-tcrminall\ extended peptides 
ЗА and the parent peptide ЗА, expressed as differences in peptide concentration in the coal 
solution (ЬС^, values in table 2) It could be concluded, however, that for all presentation 
formats of peptide ЗА the same lev el of binding capacitv (bound antibodv) could be observed 
when coat concentrations of 3">0μΜ were applied (fig 1) It is known that the efficiencv of 
antibodv binding to conformationallv sensitive molecules such as small peptides might be 
expected to change with antigen surface densitv (Underwood, 1993) In this view the results 
indicate that cspcciallv in the low peptide concentration range of the coat solution an N-ter-
mmal extension could have a positive effect on the conformational stabihtv of the adsorbed 
peptides 
Table 2: Binding capacity results 
eptide 
Η ЗА 
Ata ЗА 
К7 ЗА 
Η 1А 
Ata 1А 
К7-1А 
ЕС50 value* (M) 
3 2 χ 1 0 5 
6 7 χ 1 0 е 
1 7 x 1 0 ' 
> 3 0 χ 10" 
5 1 x 1 0 е 
2 2 χ 1 0 е 
factor of improved binding capacity 
1 
470 
1850 
1 
>5000 
>10000 
a) Determined by a 3 parameter fit according to Rodbard and Feldman (1978) on the ELISA curves obtained with 
the highest antibody concentration shown in fig ΙΑ В and С and fig 2 
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A: ELISA was performed using a coat­
ing dilution series of parent peptide 
ЗА Binding was assessed using a Mab 
ОТ-ЭА concentration of 10 μς/π-ιΙ ( * ), 
100 jjg/ml ( + ), and 250 ^g/ml ( · ) 
and a conjugate dilution of 1/448000 
10 100 1000 10000 
peptide coat concentration (nM) 
I A l l ЭД 1 
-
1*1 i n —Ì-^^^JL-* *^%r~^* 
, Γ — - " " + 
*~—V 
• / 
* 
. / • 
+ 
X 
* 
+ 
X 
• • 
B: ELISA was performed using a coat­
ing dilution series of Ata-peptide ЗА 
Binding was assessed using a Mab OT-
3A concentration of 0 1 /jg/ml ( • ), 10 
^g/ml ( X ), and 100 /jg/ml ( + ) and a 
conjugate dilution of 1/448000 
0 100 1000 10000 
peptide coat concentration (nM) 
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C: ELISA was performed using a coat-
ing dilution series of K7 peptide ЗА 
Binding was assessed using a Mab 0T-
3A concentration of 1 μα/ml ( • ), 100 
ug/ml ( + ), and 250 ^g/ml ( · ) and a 
conjugate dilution of 1/448000 
100000 1000000 
Fig. 1: Binding capacity experiments with (N-hnked) peptide ЗА 
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Fig. 2: Binding capacity experiments with (N linked) peptide 1A ELISAs were performed using coating 
dilution series of parent peptide 1A ( · ), Ata-extended peptide 1A ( + ), and lysyl (K7) extended peptide 
1A ( * ) Binding was determined using a Mab OT-1A concentration of 100 /jg/ml and a conjugate 
dilution of 1/448 000 
As in the case of peptide ЗА, OT-1A concentrations above 10 Mg/ml and 100 /ig/ml satu­
rated any coating of Ata-peptide 1A and K7-peptide 1A, respectively (data not shown) Fig 2 
gives the ELISA results with the saturating antibod\ concentrations and shows that maximum 
binding capacity for both N-terminally elongated peptides is reached at a minimum coat 
concentration of 200 nM The level of maximum antibod\ binding for the Ata-peptide 1A, 
however, was about 30% higher than for the K7-peptide 1A For parent peptide 1A an antibody 
concentration of 100μ§/ηπ1 still resulted in almost negligible absorbance signals, up to a coat­
ing concentration of 350 μΜ Again, binding capacity between the N-terminally extended 
peptides and the parent peptide differed by over a factor of three orders of magnitude (table 
2) 
Thus, increase in binding capacity is largely responsible for the ELISA response improve­
ment of four orders of magnitude, reported in Loomans et al (1997-1) From the ELISA-based 
binding capacity experiments it is obvious, that at the lower peptide coat concentrations much 
more antibody can be bound to the epitope-peptides when the peptides are N-terminalK 
extended No distinction can be made, however, between improved adsorption and/or 
improved activih of the peptide molecules OnK through adsorption studies (Loomans et al , 
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1997-IIB) or studies with real-time instruments (Loomans et dl , 1997-III) is it possible to 
elucidate the mechanism of higher binding capacity In the literature, studies in this field of 
peptide antigenicitv have not been reported to our knowledge 
The binding capacity results show that a monoclonal antibody concentration of 1 jug/ml, 
used to measure ELISA response as reported in Loomans et al (1997-1), is not a saturating 
antibody concentration Beside, it could be that improved binding capacitv does not fully 
account for the higher LL1SA response It is jlso known that minor modifications of the 
peptide can result in conformationalk different peptides, which can be relevant for antibody 
affinity (Von Carnigen et al , 1991) These conclusions compelled us to determine the affinity 
constant of the various peptide-antibody interactions as well The preferred method, however, 
is not obuous Mam investigators observed that monoclonal antibodies recognize antigens 
adsorbed to a solid-phase differently than antigens in solution (Azimzadeh et al , 1992, Butler, 
1992) It is therefore necessary to assess the affinity constant in both a homogeneous and a 
heterogeneous interaction between the peptide and the monoclonal antibody in order to 
determine the influence of peptide adsorption on the affinity constant The method of Fnguet 
determines the 'real" affinity in solution and is preferred by many authors for its sensitivity 
and rapidity (Azimzadeh et al , 1992, Goldberg and D|avadi-Ohaniance, 1993, Sehgman, 
1994) On the contrary, the use of a direct method to measure the solid-phase affinity constant 
is controversial Due to various potential surface and/or avidity effects the Law of Mass Action 
is not applicable, as pointed out by several authors (Underwood, 1993, Goldberg and Djavadi-
Ohaninace, 1993, Ong and Mattes, 1993, Mattes, 1997) Nevertheless, in the improved Beattv 
method (Loomans et al , 1995) the experimental conditions are chosen in such a way that 
equilibrium is reached and any interference by potentially disturbing factors such as epitope 
density, mass transport limitation, stencal hindrance, bivalent binding, and co-operative Fc 
interaction, can be almost completely ruled out The use of the Layv of Mass Action thus 
becomes appropriate to measure the functional affinity constant, ι e an affinity constant 
which accounts for the conformational changes of the antigen upon adsorption (Loomans et 
al , 1995) 
In order to use the unproved Beatty method for peptides, equilibrium had to be assessed 
experimentally Time-series experiments revealed that after an incubation time of 5 h, the final 
OD yalues reached a maximum during the incubation of the various adsorbed peptides with a 
non-saturating antibody concentration (data not shown) In addition, bivalent binding and co­
operative effects had to be excluded This assumption could be made valid since peptide 
adsorption yalues of maximum 0 4 mg/nr and activity \alues of maximum 4% were reported 
by Loomans et al (1997-IIB and 1997-IH) which result at kast in a mean distance of 9 nm 
between two univalent active peptide molecules Since the distance between the antigen-
binding sites on an antibody is approximately 7 um (obtained from X-ray structures of IgC 
molecules) bis aient antibody binding on the surface becomes unlikely 
[91] 
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A· Experimental dose response curve 
for ОТ ЗА at a single fixed peptide coat 
concentration of 350 μΜ parent 
peptide ЗА ( · ), Ata-extended 1A 
( + ), and lysyl-extended peptide ЗА 
( * ) Data points were fitted according 
to Rodbard and Feldman (1978 
3 parameter fit), to determine MabEC50 
AÍ50 
B: Experimental dose-response curve 
for ОТ 1A at a single fixed peptide coat 
concentration of 350 μΜ parent 1A 
( · ), Ata extended peptide 1A ( + ), 
and lysyl extended peptide 1A ( ^ ) 
Data points were fitted according 
to Rodbard and Feldman (1978 
3 parameter-fit), to determine MabEC50 
0 01 0 1 1 10 100 1000 
ОТ IA corcentft i ion (μο/ml) 
Fig. 3 Solid-phase equilibrium affinity measurements between adsorbed peptide and anti-hCG 
monoclonal antibody, by the improved Beatty method 
The ELISA curves obtained b\ the improved Beattv method from which the affimt) 
values of the two anti-hCG mouse Mabs OT-3A and OT-1A were calculated, are shown in fig 
ЗА and 3B Fig 4A and 4B present the ELISA curves for affinitv determination bv the indirect 
competitive method, according to Triguet et al (1985) The estimated affmih constants for 
both methods and the factor "improved" affinitv compared to the equivalent parent peptide 
are listed in table 3 
It could be noticed that the K
afr values obtained with the improved Beattv method are 
between two to six orders of magnitude higher than those obtained bv the method of Friguet 
et al (1985) Generally, most authors report higher affinitv constant values for solid-phase 
measurements as compared to liquid-phase equilibrium measurements (Azimzadeh et al , 
1992, Van Erp, 1991, Pellequer and Улп Regenniortel, 1993) These differences have primarily 
been explained bv differences in kinetic rates as a result of diffusion limitations (Nvgren and 
Stenberg, 1992) The affinitv constants obtained in the solution phase measurement, however, 
are about 102 - 10' Μ ', which is extremelv low Hethenngton (1990) argued that the affinitv 
ОГ ЗА cei4*ntr»t on ДОтІ) 
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peptide concentration ψΜ) 
A: Competition ELISA with hCG (10 
ng/ml) as the solid-phase antigen and 
dilution series of parent peptide 
ЗА ( · ), Ata extended peptide ЗА 
( + ), and lysyl-extended peptide ЗА 
( * ) as the antigen in solution A Mab 
OT-3A concentration of 1 pg/ml was 
used Data points were fitted according 
to Rodbard and Feldman (1978 
3 parameter-fit), to determine 50% 
inhibition 
B: Competition ELISA with hCG (500 
ng/ml) as the solid-phase antigen and 
dilution series of parent peptide 
1A ( · ), Ata extended peptide 1A 
( + ), and lysyl-extended peptide 1A 
( + ) as the antigen in solution A Mab 
OT-1A concentration of 25 μα/ιηΙ was 
used Data points were fitted according 
to Rodbard and Feldman (1978 
10000 
3 parameter-fit), to determine 50% 
inhibition 
Fig. 4: Liquid phase equilibrium affinity measurements between peptide and anti hCG monoclonal 
antibody in solution by the method of Friguet et al (1985) 
pept de concentrât on (ρΜ| 
constant of tins solution method only vanes with the composition of the solution-phase anti­
gen when low densities of the solid-pluse antigen are used Although we fulfilled this 
condition in our measurement, one explanation for the low K
aff values arises from an 
observation b\ Schgman (1994) a more avid solid-phase antigen requires higher concentra­
tions of competing fluid-phase antigen Nevertheless, ranking on the basis of affinity and the 
factor of affiniti, differences between the equivalent peptides are not likely to be affected by 
these disturbing effects It can therefore be concluded that affiniti in solution is not dramati-
callv changed bv N-tenmnal extension of the hCC-peptides the addition of an Ata-group 
seems to improve the peptide-antibodi interaction to <i limited extent (2 - 8 times) and the 
addition of a Ksvl group somewhat reduces the binding strength between peptide and antibody 
in solution ( 0 5 - 2 fold) (table 3) I he improvement factors m the solid-phase affiniti meas-
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urements, however, were considerably higher 63 and 105 for Ata-3A and K7-3A, respectively, 
and 629 and 43 for Ata-1A and K7-1A, respectively compared to their parent equivalents (table 
3) It can thus be concluded that adsorption of the N-terminally extended hCG epitope-pep­
tides is essential for increase in affinity, ι e functional affinity 
In our opinion, it is more logical that the set-up of the affinity experiments m which the 
antibody encounters the peptide on the polystyrene surface (the improved Bcatty method) 
correspond more to the standard peptide-ELISA conditions than the solution-phase equilib­
rium method since surface effects were taken into account by the direct affinity method By 
this reasoning, the improvement of peptide-ELISA response obtained with the N-terminally 
extended peptides ЗА can be explained fully by the increase in functional affinity of approxi­
mate one to two orders of magnitude, next to the three orders of magnitude mipro\ement in 
binding capacity For the N-terminally extended 1A peptides, it is difficult to designate both 
the contribution of binding capacity and functional affinity in absolute values since only affin­
ity improvement could be quantified Besides, the affinity determination by the direct method 
is obscured by the fact that binding capacity differed among the various peptide presentation 
formats of epitope 1A at a coat concentration of 350 μΜ 
In contrast to earlier observations (peptide-ELISA response in Loomans et al (1997-1) and 
the binding capacity measurements in fig 2), the solid-phase affinity measurement shows that 
a reasonable ELISA signal between the adsorbed parent peptide 1A and OT-1A can be 
obtained, however, only with very high antibody concentrations The antigenicity of the parent 
peptide 1A in the liquid-phase test proves that peptide 1A really contains the epitope sequence 
for binding of OT-1A Previous reflectometric experiments showed that not adsorption, but the 
Table 3: Affinity constants of OT-3A and OT-1A obtained with the parent epitope-peptide or the N-ter-
minally extended equivalents, either m solution or adsorbed to the polystyrene surface 
p e p t i d e K i l ( r by i m p r o v e d factor of i m p r o v e d K|M, by m e t h o d of factor of " i m p r o v e d " 
( a n t i b o d y ) B! 
H-3A 
Ata-3A 
K7-3A 
H-1A 
Ata-1A 
K7-1A 
?iUty m e t r 
1 3 χ 
7 9 x 
1 Эх 
8 4 χ 
5 3 χ 
1 3 x 
a) Loomans et al (1995) 
Ь) Friguetetal (1985) 
юсГ (M ') 
105 
106 
10' 
10 s 
108 
107 
solid- phase afhnrt ' 
1 
63 
105 
1 
629 
43 
/ Fnguet (M ) 
2 6 χ 103 
2 2 x 1 0 " 
1 6 χ 10Э 
1 4 χ 102 
2 6 χ 102 
9 3 χ 10' 
ti ff ι π ity in so lut ion 
1 
8 
0 5 
1 
2 
0 7 
l > ] 
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low activity of parent peptide 1A could be indicated as the main problem for negative ELISA 
and binding capacity results (Loomans et al, 1997-IH) This epitope-peptide does not there­
fore seem relevant for diagnostic purposes By N-terminal extension, however, this epitope 
regains significance because antibody binding becomes detectable at low peptide coat 
concentrations Tins outcome could be valid for many other previously rejected epitope-pep­
tides 
In brief, the higher OD values obtained with our new immobilization strategy for peptides 
in ELISA reflect the combined effects of higher functional affinity and higher binding capac­
ity The improvement in both the process of coating and antibody binding are clearly related to 
surface effects As a result of this, the hypothesis can be maintained that enhanced electro­
static interactions between both the N-terminal Ata-group and (Lys)7 extension and the poly­
styrene surface promote peptide adsorption and/or antibody-binding properties of the peptide 
(Loomans et al , 1997-1) The contribution of adsorption improvement in higher binding 
capacity, obtained when peptide ЗА is N-terminally extended, will be discussed in a separate 
paper (Loomans et al , 1997-IIB) 
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Adsorption Studies of Tritium-Labeled Peptides 
on a Polystyrene Surface* 
Elma E M G Loomans, Тот С ƒ Gribnau, Henri Ρ J BloemersandWim] G Schielen 
In this study three presentation formats of an epitope peptide (hepta-peptide) derived from 
the human chorionic gonadotropin amino acid sequence were compared for adsorption to 
a polystyrene well of a microELISA plate The peptides had either a free N-terminus, an Ata-
group or a (Lys)7-extension at the N-terminal In order to measure the adsorption properties, 
all peptides were tritiated by synthesizing an additional 3H-labeled glycyl residue to the N-
terminus of their peptide sequence 
The results showed that over a broad range of peptide concentrations in the coat solu­
tion, extension of the peptide by an Ata-group consistently increased adsorption by a factor 
of 1 5 to 3 compared to the free parent peptide Of the three peptides studied, the Ata-
peptide showed the highest surface coverage of 0 6 mg/m2 when 1 0 mmol/l was offered as 
concentration of the peptide in the coating solution The highest surface coverage observed 
for the parent peptide was 0 4 mg/m2 (at 1 5 mmol/l) The lysyl peptide showed a maximum 
plateau value of 0 2 mg/m2, and therefore the lysyl extension reduced peptide surface 
coverage at relatively high coat concentrations (above 0 1 mmol/l) compared to the parent 
peptide At lower input concentrations (below 0 1 μιτηοΙ/Ι), however, the packing density of 
the lysyl peptide was up to 25 times higher when compared to the other two peptide 
analogs We could therefore conclude that better adsorption as well as improved antibody 
binding activity and (functional) affinity could explain the higher response observed in ELISA 
assays when peptides are N-terminally extended by an Ata-group or lysyl extension 
' Submitted for publication 
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6 1 I N T R O D U C T I O N 
The initial step in preparing a solid-phase immunoassay is the adherence of biomatenals to a 
solid phase, the process known as coating or adsorption For example, when an enzwue-linked 
immunosorbent assay (ELISA) is prepared in order to detect or quantitate HIV antibodies in a 
patient's serum, HIV antigens have to be coated to the polystyrene wells of the microELISA 
plates The amount of coated antigen mass is an important factor determining final ELISA 
response, along with factors such as antibody binding activity of the coated antigen (orienta­
tion and/or conformation) and affinity of the antigen for the antibody In the past decade, 
synthetic peptides have increasingly become the antigens used in ELISA in response to 
demands on specificity and ease of characterization, despite the generally encountered immo­
bilization problems with synthetic peptides (Bnand et al, 1985 Dagenais et al, 1994) 
We recently described a general method which substantially improved the ELISA response 
(referred to in that article as coating efficiency) of small synthetic peptides bv an N-terminal 
extension with an Ata- or oligo-lvs\l group and adsorption to a plastic surface (Loomans et al, 
1997-I) In a former study we found that an increase in binding capacity was the main cause of 
the improved ELISA response (Loomans et al , 1997-IIA) The goal of the present study is to 
assess the contribution of adsorption to the enhancement of the binding capacity Possible 
techniques to quantitate adsorbed peptide mass are limited especially in view of the fact that 
experimental coating conditions preferably haye to correspond to standard ELISA coating 
conditions The use of coating substrates other than polystyrene or a different time span, 
temperature, or buffer conditions (pH and ionic strength) for coating can all be responsible for 
results not representative for standard peptide ELISA (Oldenzeel, 1993, Ruzgas et al , 1992, 
Malnisteii et al , 1996, Stevens et al, 1995, Fukuzaki et al , 1996) Reflectometry, a real-time 
measuring technique, can be used under almost identical ELISA conditions, but it was not 
possible to monitor peptide adsorption m the lower concentration range Instrumental limita­
tions and the use of low-molecular-weight compounds such as peptides (in reflectometrv the 
measured quantity is the bound mass) restricted the use of the reflectometer to relatively high 
coat concentrations (250 Mg/ml or higher) (Loomans et al, 1997-III) Radioactive labeling of 
the peptides of interest is another widely used method to measure the adsorbed mass lodma-
tion of the peptides, however, was not suitable since a l 2 5I label would add a substantial 
molecular weight to small synthetic peptides (MW 739), possibly affecting the adsorption 
characteristics of the peptide Moreover, the peptides need to contain at least one tyrosine 
residue in order to be lodinated In comparison to lodination, the incorporation of tritium into 
the peptides by synthesizing a 'H-Iabeled glycyl residue to three different peptide presentation 
formats of a hepta-peptide (ι e a parent peptide, an Ata-extended peptide, and a hsyl-ex-
tended peptide ЗА) is attractive for several reasons (l) change in coating behavior due to 
labeling is unlikely, since almost no molecular weight is added and alteration of chemical 
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properties is nihil (2) this technique does not depend on any affmit\ interaction or enzvme-
geneuted absorbancc signal afterwards, (3) tritium-labeled peptides can be used over a longer 
period (t'A = 1 2 } year), and, (4) although not as practical as lodmation, tritium-labeled 
peptides can be prepared within 36 hours I he absolute mass amounts o( the three tritiated 
peptide versions adsorbed to the polvstvrene wells could be readilv determined and compared 
at various co.it concentrations under standard ELISA coat conditions Specific antibody bind­
ing to the peptides was also tested in ELISA 
6 2 M A T E R I A L S A N D M E T H O D S 
BIOMATERIALS 
Peptide ЗА (RLPGPSD), the epitope sequence recognized b\ anti-human chorionic gonado­
tropin monoclonal antibod\ ОГ-ЗА (ß-hCC 133-139) was synthesized using a Perkin Elmer 
Applied Bios\stems Ine 433A peptide synthesizer, with FastMoc 0 25 mmol procedures (Fields 
and Nobel, 1990) Half of this peptide ЗА batch, attached to the resin, was further elongated 
N-terminall\ with a seven-residue l\s\l extension in the peptide s\nthesizer The purity of both 
peptides could not be checked because it was essential that the\ were not cleaved from the 
resin (see tritium-labeling of peptide ЗА) 
Bovine serum albumin (BSA, Boseral t\pe R) was obtained from Organon Teknika (Boxtel, 
The Netherlands) The mouse anti-hCG monoclonal antibocK OT-3A was obtained as 
described in Loomans et al (1997-1) Sheep anti-mouse IgG (SAM) was con|ugated to horse­
radish peroxidase (HRP) according to the procedure of Wilson and Nakane (1978) 
TRITIUM-LABELING OF PEPTIDE ЗА 
The Гпюс function on H-Glvt'HJ-OH (Amersham, Buckingshamshire, England) was intro­
duced bv wav of the route depicted b\ Kortenaar ten et al (1986) The ethylacetate la\ers were 
concentrated and diluted with 1-methyl 2-pvrrohdone (NMP) to the proper concentration 
Fmoc-GlvCHJ-OH was introduced into the solid-phase bound peptide essentially as described 
m Fields and Nobel (1990) The N terminal Ata-group was introduced via an active ester 
coupling with Ata-N-hydroxysuccminiide All reactions with the tritium-labeled Gly (mixed 
with non-tritium labeled GK) were performed side bv side with reactions performed only with 
non-tritium-labcled ("cold' ) Gly m order to allow a check on purity (with HPLC and Maldi-
lof) lherefore, it was assumed that both types of peptides, the radio-active labeled peptides 
and the control peptides, have the same purity characteristics 
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Table 1: Peptide characteristics of the (control) peptides 
culnr HPLC retention purity Libeling efficiency Ή 
peptide sequence 
GRLPGPSD 
Ata-GRLPGPSD 
GKKKKKKKRLPGPSD 
weight 
796 
912 
1694 
time (in mm) 
12 4 
146 
11 3 
(in "o) 
39 S' 
34 5b 
72 3C 
( ¡ л ' . . | 
0 34 
0 58 
0 40 
a) The main peak (53 4%) consists of acetylated peptides (without glycyl residue) instead of parent peptides 
b) The mam peak (51 4%) consists of acetylated peptides (without glycyl residue) instead of Ata extended peptides 
c) Other peaks were below 7% 
d) Determined in the presence of one solubilized well and 4 ml toluene 
Puntv (HPLC) and molecular weight (Maldi-Tof) characteristics of the control peptides 
and labeling efficiency of the radio-active peptides are listed in table 1 
ELISA METHODS TO COMPARE I M M U N E REACTIVITY A N D B I N D I N G CAPACITY 
To confirm that the radioactive labeling procedure did not damage the antigenicity of the 
peptides, the control peptides were tested in ELISA for immune reactivity as described in 
Loomans et al (1997-1) The comparison of ELISA response between non-radioactive parent 
and N-hnked peptide equivalents was made in terms of the peptide coat concentration 
required to achieve 50% of the maximum ELISA signal (EC50), derived from a fitted curve 
according to a 3-parametcr fit (Rodbard and Feldman, 1978) 
The binding capacity of the various control peptides was also determined by ELISA, as 
described m Loomans et al (1997-IIA) When binding capacitv is measured, the affinitv of the 
peptide-antibodv interaction does not influence the ELISA result since the ELISA was 
performed with a "saturating" ОТ ЗА concentration (250/xg/ml) Notablv, this high antibody 
concentration did not fullv saturate the parent peptide surface (even 1 mg/ml was still not 
saturating, see results in Loomans et al , 1997-IIA) Comparison of binding capacity between 
the various control peptides was made b\ EC5 0 values, derived from a fitted curve according to 
a 3-parameter fit (Rodbard and Feldman, 1978) 
D E T E R M I N A T I O N OF PEPTIDE M A S S O N POLYSTYRENE SURFACE 
Coating conditions were identical to conditions described in Loomans et al (1997-1) the trit­
ium-labeled peptides, serially diluted (135 μΐ) in 0 05 mol/1 bicarbonate coating buffer (pH 
9 6) m peptide concentrations of approximatelv 100 nM to 1 5 mM, were allowed to coat over­
night at room temperature with constant shaking (600 rpm, TPM-2 shaker, Sarstedt, Num-
brecht, Germany) Earlier investigations revealed that an overnight coating of parent and Ata-
extended peptide ЗА significantly enhanced the ELISA response compared to shorter 
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incubation hmes (10 mm - 4 h)(Loomans et al , 1997-1) From additional time series experi­
ments it was concluded that the EC,
n
 value increased b\ a factor of 2 after 3 days of coating 
compared to overnight coating (data not shown) Overnight coating (between 16 and 19 h), 
however, was chosen for practical reasons 
After coating, the pohstyrene microELISA plates (U-shaped Breakfour, Grenier, Fricken-
hausen, Germany) were washed four times by manually aspirating (vacuum pump, Thomas) 
and dispensing 150 μ\ PBS-Tween (6 7 mmol/1 phosphate buffer pH 7 2, 0 13 mol/1 NaCI, 
0 05% (v/v) Tween-20) Each well was cut off the strip and separately dissolved by incubating it 
for 2 5 h in a plastic count-vial (Maxivial Packard Instruments, Menden, CT) with 4 ml tolu­
ene (Janssen, Geel, Belgium) Prior to counting for radio-activity with a liquid scintillation 
analyzer (Packard Instruments), 6 ml scintillation liquid (Ultra gold, Packard Instruments) was 
added and the mixture was vortexed The amount of peptide molecules coated to the polysty­
rene well was determined taking into account the counting efficiency (67%) and labeling effi­
ciency (table 2) The possible contribution of the polystyrene well and 4 ml of toluene to the 
counting efficiency was compensated for by adding both compounds to blank measurements 
A quenching experiment revealed, however, that the combination of one polystyrene well and 
0 1 1 10 100 1000 10000 100000 1000000 
peptide coatconc (nmol/l) 
Fig. 1: ELISA response of the control peptide analogs, all N-termmally extended by a glycyl residue 
ELISA was performed using dilution series of parent peptide ЗА ( X ), Ata-extended peptide ЗА ( + ), 
and lysyl (K7) extended peptide ЗА ( · ) Binding was determined using a Mab OT-3A concentration of 1 
/jg/ml (non saturating) and a conjugate dilution of 1/5000 (2 5 μ^τηΙ) 
[ 1°э ] 
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4 ml toluene did nol cause am positive or negative quenching As controls, stock concentra-
tions and several supernatants were also counted for the presence of ß-particles 
5.3 RESULTS 
To compare the amount of adsorbed peptide molecules of the Ata- and l\svl-e\tended peptide 
ЗА to that of the parent peptide ЗА, the different peptides were radio-labeled bv coupling a 
tntiated ghcvl residue to all the three peptides and coated on pokstvrene wells In addition, 
the control peptides which were sub]ect to the same labeling procedure as the radio-active 
labeled peptides, were tested for antigenicitv when coated 
Ml control peptides were immunoreactive with the specific antibodv in the peptide-LLlSA 
as shown m figure 1 The ELISA response of the Ata and the lvsvl-e\tended peptide 3\ vari­
ants (expressed m ECÎO-vaIues) was increased bv roughK one to three orders of magnitude, 
respectively in comparison to the parent peptide 3λ (tabic 2) 
The binding capacitv of the three adsorbed control peptides was determined in FI ISA as 
well, bv using a "saturating" antibodv concentration (fig 2) According to the EC,,, values, the 
Ata-peptide lavtr and the K--peptide laver were 6 and 165 times, respectivelv, more active m 
specific antibodv binding then the parent peptide coating laver (table 2) Thus, for the peptide 
concentrations used as input in the coat solution the K— peptide laver has the largest fraction 
of active molecules A kinetic measurement of the chromogenic substrate reaction (data not 
shown) confirmed that the ELIS \ data for the k-peptide did not suffer from optic.il hmita-
Table 2 ELISA results of the control peptides 
peptide sequence 
GRLPGPSD 
Ata-GRLPGPSD 
GKKKKKKKRLPGPSD 
EC,. 
(uM)" 
1 1 χ 1 o2 
6 6 
9 8 χ 1 0 2 
improved ELISA 
response factor* 
1 
17 
1122 
EC50 
(μΜ)' 
1 3 χ 1 0 3 d 
2 2 χ 102 
7 9 
improved 
capacity 1 
1 
6 
165 
binding 
factor* 
a) ECM value of the ELISA response (fig 1) determined by a 3 parameter fit according to Rodbard and Feldman 
(1978) 
b) Determined by comparing the EC50 values of the various control peptides 
c) ECV value of the binding capacity ELISA (fig 2) determined by a 3 parameter fit according to Rodbard and 
Feldman (1978) 
d) Since curve fitting was not possible the EC50 value mas estimated This ЕСИ value of the parent peptide could 
be somewhat overestimated since an ОТ ЗА concentration of 250 μg/ml did not fully saturate the peptide 
coating at a coat concentration of 350 μΜ or higher (Loomans et al 1997 IIA) 
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< 
tions, although the OD value was 2 5 Therefore, the K7-peptide layer reached its maximum 
binding capacity at 7 7 χ 10" peptide molecules offered in the coating solution per well (input 
94^11101/1)(fig 2) 
1 2 x 1 0 ' 
offered molecules/well 
Fig. 2: Determination of the binding capacity of the control peptides, all N terminally extended by a 
glycyl residue ELISA was performed using dilution series of parent peptide ЗА ( • ), Ata-extended 
peptide ЗА ( X ), and lysyl (K7) extended peptide ЗА ( 0 ) Binding was assessed with an Mab OT-3A 
concentration of 250 μα/ml ("saturating') and a conjugate dilution of 1/448000 (2 5μα/π-ιΙ) 
Fig Ϊ shows the adsorption isotherms of the three presentation formats of peptide ЗА, 
which were rcadih reproducible The adsorbed amounts of both the parent and the Ata-ex­
tended peptide continued to rise at increasing input concentrations N-lerminal linking of an 
Ata-group to the peptide, however, consistentk increased the amount of bound peptide mole­
cules two to three times The highest obser\ed surface coverages for the parent and the Ata-ex-
tcnded peptides amounted to 0 4 and 0 6 mg/m2, respectively, at a maximum input coat 
concentration of 1 5 and 1 0 mmol/1 respectively The adsorption isotherm of the K7-peptide 
showed a very different picture it reached a maximum plateau value of approximately 0 16 
mg/nr (equal to 6 χ IO'2 molecules per well) at a minimum input coat concentration of 94 5 
μηιοΙ/l (equal to 7 7 χ 10 ь molecules per vyell) 
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coated peptide molecules χ E13 / well 
ч ι 11 пи 1—I I I Mill 
+15 +16 
log offered peptide molecules/well 
I I I I I III 1—I I I I I I I 
+17 +18 
Fig. 3: Adsorption isotherms for the tritium labeled peptide presentation formats of peptide ЗА on 
polystyrene wells from plotting the offered peptide molecules for each well against the bound peptide 
molecules coated for each well Adsorption was performed overnight according lo the ELISA coating 
experiment conducted using dilution series of parent peptide ЗА ( • ), Ata-extended peptide ЗА ( + ), 
and lysyl (K7) extended peptide ЗА ( * ) 
The N-terminal extension of the peptide b\ «ι lys)l extension thus impaired the coating 
properties (with a maximum of a factor 4) at relatively lugli coat concentrations (above input 
of 94 5 μιηοΐ/ΐ) as compared to the other two peptide presentation formats (fig 3) At lower 
peptide concentrations (below input of 94 5 nmol/1), however, the packing density of the K--
peptide was up to 25 times higher than that of the other two peptide analogs Fig 4 shows this 
effect more clearh b\ plotting the input concentration against the percentage adsorbed both 
at a log scale At ver\ low K-peptide concentrations the process of adsorption almost reached 
80% efficiency 
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% coated peptide molecules 
0 001 I I I I I I I III Ι Ι Ι Ι Ι Ι Ι II Ι Ι Ι Ι Ι Ι ΙII Ι Ι Ι Ι Ι Ι ΙII Ι Ι ΓΤΤΤΤΠ Ι Ι Ι Ι Ι Ι Ι II 
+11 +12 +13 +14 +15 +16 +17 
log offered peptide molecules / well 
Fig. 4. Efficiency of coating by plotting the input concentration for each well against the percentage 
bound peptide molecus for each well Adsorption was performed overnight according to the ELISA 
coating experiment conducted using dilution series of parent peptide ЗА ( • ), Ata extended peptide ЗА 
( + ) and lysyl (K7) extended peptide ЗА ( *• ) Identical data series as in fig 3 
6.4 DISCUSSION 
The adsorption of proteins on solid surfaces has received considerable attention due to its 
importance in the food and drug industry and the field of bioeompatibihtv However, limited 
studies are available on peptide adsorption (Ruzgas et al , 1992, Tsai et al , 1996) although the 
peptide-polvmer interaction is important to the diagnostic and pharmaceutical industry 
peptide coating is one of the critical factors in the development of diagnostic assays and the 
incorporation of peptides into polymer delivery s\stems is important for the controlled release 
of pharmaceuticals 
The control peptides, synthesized to determine peptide characteristics and antigenicity 
were assumed to be representatives of the radio-actne labeled peptides because they were 
subject to the same labeling procedure The labeling procedure itself did not impair the anti-
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genicitv of the peptides since antibody binding in FLISA was evident (fig 1 and 2) Moreover, 
the ELISA response of the control parent peptide ЗА was even slightK enhanced in compari­
son to previous results with a non-glycvl linked parent peptide ЗА (Loomans et al , 1997-1) 
This difference could be caused b\ the addition of an extra glycvl residue since the addition of 
four extra glycyl residues increased the ELISA results by a factor of 10 (Loomans et al , 1997-1) 
The enhancement factors of the N-terminallv extended control peptides, however, were one to 
three orders of magnitude lower when compared to the results of the equivalents without an 
additional g]\c>l residue (described in Loomans et al, 1997-1) Two reasons can be pointed 
out First, the significantly lower purity of all the gl)cvl-hnked peptide analogs (table 1) In 
contrast to the N-terminally linked variants (especially the Ata-peptide), the inipurit) of the 
parent control peptide batch containing a large fraction of acet\lated peptides does not reduce 
the EC;Q value of the parent peptide (Loomans et al , 1997 I) SecondK, the addition of an 
extra glvcme probably has relativel) more effect on the ELISA response of the parent peptide 
than on the larger N-terminallv linked analogs 
Since the influence of affinity was excluded in the binding capacity experiment m contrast 
to the ELISA response experiment, it can be concluded from comparison of EC ! n values of 
equivalent peptides that by N-terminal linking of the glycyl-peptide functional affinity 
increases (table 2) This conclusion is confirmed bv the functional affinity results from the 
direct ELISA, reported in Loomans et al (1997-IlA) 
When the radioactive coating results (fig 3) and the binding capacity results (table 2) are 
combined, it can be concluded that the increase in binding capacity of the At.i-extended 
peptide in comparison to the parent peptide can be almost completely explained bv the 
increase in bound Ata-peptide molecules The binding capacity of the K7-peptide is also 
correlated to the amount of bound K7-peptide molecules Notably, the maximum plateau value 
of 0 16 mg/m2 of the K7-peptide layer reached at a minimum input concentration of 94 5 
/¿mol/1 which agreed well with the amount of IC-peptide molecules in the coating solution 
necessary to attain maximum binding capacity The increase m the binding capacity of the K7-
peptide (165-fold), hoyvever, has to be clarified by two factors since "only" a 25 fold increase m 
the amount of bound K7-peptide molecules could be observed in the loyver concentration 
range compared to the amount of bound parent peptide molecules Thus, next to the packing 
density, the percentage active (ι e able to bind the specific monoclonal antibody) peptide 
molecules bound to the polystyrene surface had to be increased as well This explanation could 
be confirmed by the observation that binding capacity of the K- peptide could already be 
observed m ELISA when about 3 χ IO12 molecules were coated on the polystyrene well while 
for the parent and the Ata-extendcd peptide, the amount of bound peptide molecules had to 
be six times higher before any antibody binding could be observed in ELISA 
It is remarkable that m the higher coat concentration range, the surface coyerage of the 
parent and the Ata-peptide exceeded the surface coverage of the IC-peptide layer while at the 
[ Ή 
[ A D S O R P T I O N S T U D I E S OF T R I T I U M L A B E L E D P E T P I D E S O N A P O L Y S T Y R E N E S U R F A C E ] 
sjine time Mie binding capacity of the parent and the Ata-peptide layers was significant lower 
than that of the K7-peptide laver Thus, increase in activity has to fully cover the improved 
binding capacity of the K7-peptide It is known that activity is inversely related to the molar 
density probabK because onentational and/or conformational improvements with respect to 
antibod\ binding (van den Heu\cl et al , 1993) The higher surface coverage of the K7-peptide 
(and the higher binding capacity) at dilute concentrations, however, must be caused by the 
lysyl extension itself That the addition of lvsyl residues to the N-terniinus of a peptide can 
enhance the antigenicity lias been recognized before (Leach, 1983) 
It is interesting to speculate why a maximum plateau yalue was observed for the K7-peptide 
and not for the two other peptide presentation formats Possibly, the additional positive charge 
of seven К svi residues per peptide electrostatically hampers a closer packing on the surface 
(Ruzgas et al, 1992), although m the initial stage of the adsorption process, the addition of 
lvsyl residues and the Ata-group as well could electrostatically favor adsorption and therefore 
improve the pcptide-polvmer interaction (Looinans et al , 1997-1) The lysyl extension could 
also favor conformational extension of the peptide on the surface, thereby inhibiting a higher 
surface coverage (Tsai et al , 1996) 
In the literature, peptide surface coverages between 0 3 and 0 6 mg/m2 are reported, which 
were similar to our values although the authors worked under different experimental condi­
tions (Ruzgas et al, 1992, Tsai et al, 1996) In terms of experimental conditions, the peptide 
surface coverages determined by reflectometry with the same peptides (Loomans et al, 1997-
III) would seem more relevant to this work In the reflectometer, the surface coverages of the 
three presentation formats of peptide ЗА at a coat concentration of 250^g/ml were considera­
bly higher 0 62, 0 76, and 1 72 mg/m2 for the parent, Ata-, and K7-extended peptide ЗА, 
respectively The longer adsorption time in ELISA possibly affecting the extent of desorption 
and the presence of the detergent Tvveen in the washing buffer could account for lower surface 
coverages in LLISA Nevertheless, the calculated amounts of bound peptide in comparison to 
the amounts which determine the final ELISA results could be somewhat overestimated since 
possible desorption and displacement in subsequent washes and incubations is ignored 
In summary, we demonstrated that the Ata-peptide ЗА and the lysyl-peptide ЗА have 
better adsorption properties for the polystyrene surface than the free parent peptide ЗА We 
furthermore showed that N-ternunal linking of an Ata-group or lysyl extension increases the 
activity and/or affinity of the peptide-antibody interaction Although no simple generalizations 
can be made, we expect that the conclusions mentioned above will be valid for other small 
synthetic peptides as well This new immobilization strategy can therefore stimulate the use of 
peptides in research, medicine and industry 
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Epitope Mapping and Serodiagnosis Using 
Ata- and (Lys)7 Peptides* 
Elma E M G Loomans, Liekle / N¡//io/f, Adriane / H F Greniers, Wilma Ρ Pauli/, and 
Wim J G Schielen 
The general applicability of the new peptide immobilization strategy in which the peptide of 
interest is N-terminally extended with an acetyl-thio-acetyl group or (poly)-Lys extension 
during synthesis, has been demonstrated in epitope-mapping experiments and serodiagno­
sis Ala-scanning experiments and minimal epitope determination showed that the antigen­
icity of Ata-extended peptides derived from the human chorionic gonadotropin (hCG) and 
hepatitis В virus (HBV) amino acid sequence, was superior to that of the free parent 
peptides Further, it could be shown that the choice of the epitope-mapping procedure 
(peptide in solution or immobilized on a solid support) may lead to a different perception of 
which residues constitute the epitope In addition, a time-consuming conjugation process 
could be circumvented since the ELISA reactivity of BSA-conjugates was comparable to that 
of Ata-extended peptides In the serodiagnosis using sera from various HIV-positive indi­
viduals, the lysyl-peptide showed a signal/noise ratio 10 times higher than the parent 
peptide, indicating that sensitivity increased as a result of this N-terminal lysyl tail In all 
experiments we observed that antibody detection could be performed at roughly 10 times 
lower amounts of peptide when N-termmally linked to an Ata-group or lysyl-extension 
compared to the free parent peptide or the BSA-conjugated equivalent 
' accepted for publication m Biochimica et Biophysica Acta 
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7.1 I N T R O D U C T I O N 
Since the solid-phase synthesis of peptides yields satisfactory quantities and purities in a rela­
tively short time, synthetic peptides have been used as coated antigens in a wide range of 
immunological applications In the field of immunoassays, the amino acid sequence of the 
synthetic peptide often corresponds to an epitope, the smallest functional part of the protein 
sequence specifically recognized by an antibody For the detection of serum antibodies to 
pathogens it is of ma]or clinical releyance to locate and define epitopes, as the use of epitope-
peptides increases the specificity of diagnostic immunoassays (Yu et al , 1996) Fpitope 
mapping is also important yvhen producing protectee peptide vaccines and for understanding 
the nature of antigenic recognition 
Functional epitope determination is routinely performed by systematically testing the 
antigenicity of overlapping peptides, covering the whole sequence of the protein, either after 
direct coating on plastic plates or in inhibition experiments with the peptides in the liquid 
phase Alternative!), the immunoreactivity of peptides can be tested while they are still 
attached to the rod support on which they were synthesized (ι e Pepscan-method, Geysen et 
al , 1987) Epitope identification can be extended by a systematic replacement study (e g ala-
scanning), to determine the role of individual amino acids involved in the epitope-paratope 
interaction Re-synthesis of a set of truncated versions of a larger epitope peptide allows 
identification of the "minimal" epitope 
Previously, epitope-peptides N-termmallv extended bv a functional acetvl-thio-acetvl (Ata)-
group or a linear stretch of seven Ivsyl residues have been used to improve the binding reactiv­
ity with monoclonal antibodies in ELISA (Loonians et al, 1997) In this report the general 
applicability of both moieties will be illustrated in several epitope-mappmg experiments and m 
serodiagnosis (pol)clonal sera) In addition, the superiority of this approach is shown by 
comparison with the parent peptides (free N-terminus) and the peptides conjugated to a 
protein carrier Today, both last-mentioned peptide presentation formats are the most 
extensively used peptide immobilization methods in ELISA 
7.2 MATERIAL A N D METHODS 
BIOMATERIALS 
The peptides and their characteristics arc listed m table 1 The peptides were synthesized by 
means of a Perkm Elmer Applied Biosystems Ine -ВЗА peptide synthesizer with FastMoc 0 25 
mmol procedures The purity of the peptides usually exceeds 50% For the alaninc-screening 
experiment, peptides were synthesized in which ever) amino acid of the peptide sequence was 
replaced sequentially by alanine, the simplest dural amino acid When the parent peptide 
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Table 1 Peptide characteristics 
peptide 
peptide sequence 
LEDPASRDLWNYVNTN 
DTPILPQ 
CERPQIDIQEMRIGPMAWYSM 
GIGGTAGNSSRA 
origin and position 
HBeAg (76 91) of HBVa 
β hCG (139 145)b 
HIV I (0X292 324)c 
TRKSX,X2GX3GX4X5X6YATGX7I HIV I (M)(268 296)d 
5 CNRPGRGIKQIGPMSVYSGSLA 
DLGGNNWSRI 
HIV I (0)(292 324)e 
number 
of amino 
17 
7 
33 
19 
33 
designation 
Mab/isolate 
Anti HBe4 
ОТ Ι Α 
Ant70 
Subtype G 
РОС 
a) Represents part of the non particulate e antigen (HBeAg) secreted by the hepatitis В virus (HBV) (Norder et 
al 1994) 
b) Represents the amino acid sequence from the С terminal part of the β chain of human chorionic 
gonadotropin 
c) Refers to the V3 neutralization loop of the envelope of HIV I group Outiller (О) isolate Ant70 
d) This consensus sequence is derived from the V3 neutralization loop of the envelope of the human 
immunodeficiency virus (HIV) of type I group Major (M) subtype G (Myers et al 1995) The peptide is a 
library peptide at the location of lesidue X one third of the sequences contain Lys one third contains His 
and one third contains Ser X, /73 is Phe and 1/3 lie X3 2/3 Pro 1/3 Thr X, 2/3 Gin 1/3 Arg X5 2/3 Ala 
1/3 Val X, 1/2 Leu 1/2 Phe and X, 2/3 Ala 1/3 Asp 
e) Refers to the V3 neutralization loop of the envelope of HIV I group 0 isolate РОС 
sequence contained the alami residue itself, it was replaced b\ aspartic acid Peptides used m 
the Pepscan procedure were svnthesized and assa\ed as described in Ge\sen et al (1987) 
Вомпс serum albumin (BSA Boscral t\pe R) was obtained from Organon Teknika (Boxtel, 
The Netherlands) The mouse anti-hCG monoclonal ant\bod\ ОТ-1Л was obtained as 
described in Loomans et al (1497) I he murine monoclonal antibod\ anti-HBe4 was produced 
bv injecting Balb/c mice with purified F coli derived recombinant IIBcAg The mouse which 
responded best received an intravenous dose of the recombinant antigen dissolved in PBS 
Fusion and selection were performed according to standard methods Reactive clones were 
recloned to 100% clonalitv Sheep anti mouse IgG and the murine anti-human IgG, obtained 
intemallv, were con|ugated fo horseradish peroxidase (HRP) according to the procedure of 
Wilson and Nakane (1978) The rabbit anti-mouse IgG was purchased from DAKO (Clostrop, 
Denmark) Human HIV-1, and HI\-2 positive sera and control sera were serologicallv charac­
terised The HIV-I, group О sera and the Hl\ 1, group \1 sera (subtvpe А В С, F, G) were 
characterised and subtvped bv RN\ sequence analvsis 
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PEPTIDE CONJUGATION 
I BSA-peptide conjugates used for the ala-scanning experiment of the hCC-peptide were 
prepared as follows (1) activation of BSA (10 mg/ml) in phosphate buffer (50 inM, pH 8 0) 
with EMCS (0 1 M diluted in NMP, N-succinimid\l 6-maleimidocaproate, Fluka Chemie AG, 
Buchs, Switzerland) in a molar ratio of 1 25, (2) incubation for 30 mm on a roller-mixer, (3) 
passage through a PD-10 column (Pharmacia, Uppsala, Sweden) with phosphate buffer (50 
nM, pH 6 0) to remove excess EMCS, (4) Ata-peptide was treated for 1 5 s with base (10 μΐ 4 
M NaOH, concentration of 0 2 M OH ) which resulted in a thioacet\l peptide, (5) conjugation 
of the thioacet\l peptide to maleimide activated BSA in a molar ratio of 15 1, and (6) removal 
of unconjugated peptide b) passage through a PD-10 column with ammoniumcarbonate 
buffer (0 1 M, pH 8 0) Peptide content of the coniugate was based on a procedure which 
determines the number of EMCS-molecules built into each BSA molecule and the number of 
free EMCS molecules after peptide conjugation 
II BSA-peptide conjugates used in serodiagnosis were prepared as follows (1) addition of the 
peptide to the BSA solution (20 g/1 m 13 9 g/1 phosphate buffer pH 7 0) in a molar ratio of 
10 1, (2) addition of a glutaraldehyde solution (0 02 mol/1, Janssen, Geel, Belgium), (3) over­
night incubation on a roller-mixer, (4) addition of stabilization solution (1 2 mol/1 saccharose, 
1 mol/1 gl)cine, 0 1 mol/1 sodiumphosphate, 0 05 mol/1 sodiumborohydride, pH 7 0), (5) after 1 
hr incubation on a roller-mixer, the mixture was centnfuged, and (6) the supernatant (conju­
gate) was frozen in at -70 °C Peptide content of the conjugate was based on the primarv addi­
tion of peptide 
COATING 
The peptides or conjugates, serially diluted (135 μΙ) in 0 05 inol/1 bicarbonate coating buffer 
(pH 9 6) to peptide concentrations of 50 ng/inl to 5 jug/ml, were allowed to coat for at least two 
hours at room temperature The pol\stuene microELISA plates (Greiner, Fnckenhausen, 
Germany) were washed four times (Washer Microehsa s\stem 400, Organon Tckinka, Boxtel, 
The Netherlands) with PBS-Tween (6 7 mmol/1 phosphate buffer pH 7 2, 0 13 mol/1 NaCl, 
0 05% (v/v) Tween-20) Except for peptide 1 (table 1), each well was postcoated for at least 30 
nun with 135 μΙ of casein or BSA (2 0 g/1) in Tris-buffer (pH 7 4) The plates were washed and 
dried under N2 for at least two hours 
GENERAL ELISA PROCEDURE 
In the direct ELISA procedure 100μ1 of the appropriate antibod\ solution, diluted m sample 
diluent (20% v/\ normal goat serum in 1% (ч/\) triton X-100 in 7 6 mmol/l sodium phosphate 
buffer (pH 7 4) with 120 mmol/1 NaCl), was added to each antigen-coated well and incubated 
for 1 h at room temperature or 37 °C After washing, the wells were incubated for 30 mm at 
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room temperature with 100 μ] of sheep anti-mouse IgG-HRP coniugate (1/5000), rabbit anti-
mouse IgG-HRP coniugate (1/1000), or mouse anti-human IgG-HRP coniugate (1Λ0 000) in 
sample diluent The final washing procedure was followed b\ color development which was 
initiated b\ adding 100 /xl of the substrate solution (045 mmol/1 3,3',5,5'-tetramethylbenzi-
dinc, 1 5 mmol/1 H 2 0 2 and 0 1 mol/1 sodium acetate pH 5 5) The reaction was terminated 
after 30 mm incubation in the dark, b\ the addition of 100 μΐ of 1 mol/1 sulphuric acid solu­
tion Absorption values at 450 nm (A4i0) were measured on a Microelisa reader 510 (Organon 
Tekiuka, Boxtel, the Netherlands) The indirect competition ELISA was carried out by prein­
cubation of the antibody with the peptides at different concentrations for 1 h at room 
temperature with constant shaking (600 rpm, TPM-2, Sarstedt, Numbrecht, Germany) 
Subsequently free antibod\ was detected b\ transferring and incubating for 1 hr 100 μΐ of the 
solution in inicroFl ISA plates coated with recombinant HBeAg (3 3 μg/ml) The ELISA 
procedure was finished as described abo\e 
bor testing of human polyclonal sera, an absorption value which exceeded the average plus 
three standard deviations of the control sera was defined as positne 
7.3 RESULTS 
We prewoush reported that an Ata group or a pol\(L\s) extension (linear sequence of seven 
Ksyl residues), N-terminalh synthesized to four small synthetic peptides, could reduce the 
peptide coat concentration by tyyo to four orders of magnitude to obtain the same absorbance 
in FI ISA as the parent equnalents (free amino-terminus)(Loomans et al , 1997) To evaluate 
the general applicability of this approach in immunological and clinically important applica­
tions, yve performed epitope determination experiments and serodiagnosis 
EPITOPE DETERMINATION, ALANINE SUBSTITUTION 
former epitope mapping studies, using synthetic peptides N-ternunall) extended bv an Ata-
group with overlapping sequences co\enng the complete sequence of the non-particulate e-
antigcn (HBeAg) of the hepatitis В virus, localized the epitope of anti-HBe4 to the region of 
residues 76-93 (LbDPASRDLVVNYVNTN) (unpublished observations) Ίο determine the 
importance of each individual amino acid in the binding betyveen the peptide and monoclonal 
antibody anti-HBe4, an Ala-scan yvas prepared The 17 peptides yvere synthesized both with a 
free ammo-terminus and N-terminally extended by an Ata-group Figure 1 shows that the free 
peptides did not show am significant ELISA reactnity upon alanine replacement It could be 
concluded, however, from the Ata-extended peptides, tested under identical experimental 
conditions, that the amino acids at the N-terminal side of the epitope are especially important 
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Fig 1 ELISA reactivity of the coated HBeAg derived peptides (peptide 1 table 1) after Ala substitution 
Two different peptide presentation formats were tested parent peptide sequences (black bars) and 
peptide sequences N terminally extended with an Ata-group (grey bars) Every amino acid was 
sequentially replaced by alanine At position 5 of the peptide the original alanine was however 
replaced by aspartic acid Peptide coat concentration 5 pg/ml Anti HBe4 concentration 0 7 pg/ml Rat 
anti mouse conjugate dilution 1/1000 
for binding to anti HBe4 because alanine replacement of most of these residues prohibited 
antibody binding 
To determine the essential residues in DTPILPQ (peptide 2, table 1), the epitope of anti hCG 
OT-1A, all seven residues were sequentialh changed to an alami residue The seven peptides 
were either N-terminalU extended b\ an Ata-group or conjugated to BSA In both presentation 
formats, aspartic acid and isoleucine were clearh pointed out as essential residues (fig 2) The 
amino acid proline at the С terminal end (position 6) however, cannot be interchanged with 
alanine, as shown by the results with the BSA coniugate Yet it is apparent from the Ata ex­
tended equivalent peptide that this residue is probabk not essential, although it clearh 
contributes to the binding energy It should be pointed out that the peptide coat 
concentration of the Ata-extended peptides added to the wells, was ten times lower than the 
coat concentration of the BSA-con|ugates (fig 2) 
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ATPILPQ DAPILPQ DTAILPQ DTPALPQ DTPIAPQ DTPILAQ DTPILPA 
Fig. 2 ELISA reactivity of the coated epitope peptides recognized by ОТ 1A (peptide 2 table 1) after 
Ala substitution The various peptides were tested both with an N terminal Ata group (light grey bars) 
and conjugated to BSA (dark grey bars) All the tested epitope peptides were N terminally extended by 
a PKGPK ammo acid sequence resulting m the sequence PKGPKDTPILPQ in order to improve the 
freedom of movement of the epitope The Ata peptides and BSA conjugated peptides were coated at a 
peptide coat concentration of 7 4 /jg/ml and 74 0 /jg/ml respectively ОТ 1A concentration of 1 /jg/ml 
Conjugate dilution 1/5000 
EPITOPE DETERMINATION MINIMAL EPITOPE LENGTH 
The alanine substitution experiments with the epitope of anti-HBe4 showed that the amino 
acids at the N-terminal side were essential for ELISA reactivitv To determine the minimal 
length of the epitope, peptides were constructed that were sequentialk shortened at the С 
terminal site (table 2) The peptides were tested both with a free amino-terminus and an Ata-
extended N terminus in ELISA b\ two different approaches a direct one and an indirectly 
competitive one In the first FI ISA method the two peptide presentation formats were coated 
on the microFLISA plate and in the second ELISA approach the peptides were used in solu­
tion, ι e competition experiments lhe heterogeneous ELISA indicated that the linear epitope 
comprises at least 15 ammo acids (table 3) as reveil«! b\ the -\ta-extendtd peptides However, 
the homogeneous ELISA revealed that the minimal epitope length could be reduced to 12 
amino acid residues (table i) 
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Table 2 ELISA absorbance of HBeAg derived peptides adsorbed to the microELISA plate (direct 
measurement) 
amino acid sequence 
LEDPASRDLWNY 
LEDPASRDLWNYV 
LEDPASRDLWNYVN 
LEDPASRDLWNYVNT 
IEDPASRDLWNYVNTN 
absorbance (450 nm| ' 
0 054 
0 072 
0 055 
0 068 
NTb 
0 080 
0 101 
-•3 
>3 
•>3 
a) Concentration of anti-HBe4 was 86 ng/ml (1 to 32000) 
b) Not tested 
Table 3 Determination of minimal epitope length 
peptide 
length 
11-mer 
1 2-mer 
13-mer 
14-mer 
1 5-mer 
16-mer 
1 7-mer 
25-mer 
amino acid sequence 
LEDPASRDLW 
LEDPASRDLWN 
LEDPASRDLWNY 
LEDPASRDLWNYV 
LEDPASRDLWNYVN 
LEDPASRDLWNYVNT 
LEDPASRDLWNYVNTN 
NLEDPASRDLWNYVNTNMGLKIRG 
NTC 
NT 
NT 
NT 
competition-ELISAb 
W-e 
-
-
NT 
NT 
4 d 
f d 
hd 
^ d 
-
-
-
NT 
+ ' 
+ e 
+ e 
+e 
NT 
___e 
a) In the direct ELISA the peptides of inieresl were adsorbed to the microLLISA piale (see also table 1) 
b) In the indirect competition ELISA the peptides of interest were premcubated in a concentration range of 3 
mg/ml to 1 5 ng/ml with monoclonal antibody anti-HBe4 (400 ng/ml) 
c) Not tested 
d) An ELISA signal was designated as positive when it exceeoed the blanc va-jes by th-ee times 
e) An ELISA signal was designated as positive when it was less than three times the blanc values 
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A control peptide (DTPILPQ) extended b\ an Ata-group gave negative results The parent 
equivalents failed to demonstrate an\ antibody binding reactivih up to an epitope length of 16 
amino acid residues in both ELISA methods The parent peptide with a 25-residue length, 
however, was able to inhibit the binding of anti HBe4 to a recombinant HBeAg coated plate 
after preincubation with the monoclonal antibodv The minimal epitope length with parent 
peptides therefore lies between 17 and 25 amino acid residue length Both methods were set 
off against the Pepscan method in which peptides of a maximum length of 12 residues, N-
terminalh extended b\ an acehl-group and С terminalh attached a poheth\lene rod, were 
tested for immunoreactivitv according to an ELISA procedure Tentative results show that 
antigemcih could be obtained with an epitope length smaller than 12 residues Apparently the 
choice of the epitope-mapping procedure and the choice of whether or not to N-terminall\ 
extend the peptide with an Ata-group can pla\ a ma|or role in the determination of the 
minimal epitope length 
SERODIAGNOSIS 
We investigated the immunoreactivitv of HIV antibodies using different peptide presentation 
formats m several experiments In the first experiment, the serum sample Ant-70 from an HIV-
I, tvpe О infected individual was senallv diluted and tested on an adsorbed Ant-70 specific 
peptide (peptide 3 in table 1), either coii]ugated to BSA or N-termmally extended with an Ata-
group or a l\s\l-extension Fig 3 demonstrates that both the Ata- and pol\(Lvs)-extended 
peptides were almost as efficient at detecting antibodies as the BSA-conjugate, but at more 
than 2 5-fold and 13-fold lower coat concentrations, respectneK Notabh, onK the BSA-coii|u-
gate was used at its optimal coating concentration Control sera showed no antibod\ binding 
signal (data not shown) 
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Fig. 3: ELISA reactivity of the coated Ant70-specific peptide (peptide 3, table 1) with Ant70 serum, 
serially diluted. Comparison of three peptide presentation formats at different coat concentrations: (1) 
N-terminally extended by a linear lysyl linker (K7) at 0 25 ^g/ml ( · ), (2) N-terminally extended by an 
Ata-group at 1.25 μα/ml ( * ), and (3) conjugated to BSA at 3.3 μα/ml ( + ) 
In a second experiment, the ELISA reactivities of various subtype specific Ш -І sera 
against three peptide versions of the subtype G V3-loop library peptide (peptide 4 in table 1), 
the parent peptide (free N-terminus), the N-terniinally Ata-extended equivalent, and the lysyl-
extended equivalent, respectively, were determined, as shown in fig. 4. The subtype G serum 
reacted with all three peptide versions. However, the signal/noise ratio obtained with the lysyl-
containing peptide was almost ten times higher than the parent equivalent. Gompared to the 
parent peptide, coated at its (sub)optimal concentration (i.e minimal amount to obtain 
maximal absorbance; data not shown), a ten-fold increase in ELISA signal is obtained by the 
use of a lysyl-extended peptide. This result can be regarded as a ten-fold increase in sensitivity. 
Moreover, this result was obtained with a peptide coat concentration of the lysyl-
containing peptide which was a tenth of the parent equivalent. No increase in sensitivih could 
be detected when using the Ata-extended peptide, but the Ata-peptide coat concentration was 
a tenth of the parent peptide concentration Notably, the absorption values of the normal 
human sera (HIV-I negative) did not exceed 0.071 with all three alternatives 
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A450 
NH51 NHS2 SubtG Subt A Subt В SubtC Subt F 
Fig. 4: ELISA reactivity of the coated subtype G V3 loop library peptide (peptide 4, table 1) against two 
normal human sera and different subtype sera (subtype G' VI1197, subtype A: VI712, subtype B: VI612, 
subtype С VI882, subtype F: VI507) at a dilution of 1/34 Three different peptide presentation formats 
at particular coat concentrations were tested: (1) parent peptide (white bars) at a coat concentration of 
500 ng/ml , (2) N-termmally extended by an Ata-group (light grey bar) at a coat concentration of 50 
ng/ml, and (3) N-termmally extended by a linear lysyl extension (K7) (dark grey bar) at a coat 
concentration of 50 ng/ml The line represents the cut-off value. 
Four other subtype specific sera were tested m order to evaluate the specificit) of the 
subtype С library peptide. Fig. 4 shows that the subtype С and F sera reacted with all peptide 
versions, while the subtype A and В sera only showed cross-reactivity with the lysyl-extended 
version. This result indicates that the consensus peptide is not specific for subtype G sera and 
that the extent of crossreactivity depends on the peptide presentation format. 
Cross-reactivity was also observed in an ELISA based on an HIV-I peptide of which the 
sequence was derived from the Wloop of the POC-isolate (peptide 5 of table 1). The cross-
reactive properties of 1IIV-I, HIV-2 positive sera, and HIV negative sera, respectively, were 
tested against three different versions of the peptide, conjugated to BSA, N-terminally 
extended by an Ata-group, and N-terminally lengthened by a lysyl-extension, respectively. 
Again, the extent of cross-reactivit\ differs among the presentation formats (table 4). only 11% 
of the tested HIV-1 sera reacted positive with the BSA-conjugate, while 64% and 58% reacted 
[ 123 ] 
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Table 4: The reactivity of positive/negative HIV sera in ELISA with the coated BSA conjugate the Ata-
extended or the lysyl-extended version of the ANT70 peptide (peptide 4) 
NHS» 0/4 0/4 0/4 
HIV I 4/36 23/36 21/36 
HIV-2 1/5 0/5 0/5 
a) The cutoff values are 0 251 0 163 and 0 320 for the BSA conjugate the Ata peptide and the K, peptide 
respectively 
positive with the Ata and lvsvl-extend \ersion respectively Of the h\e HI\-2 sera, one serum 
reacted with the BSA conjugate only No negative será reacted with am of the peptide formats 
7.4 DISCUSSION 
The optimal route for coating a s\nthetic peptide on a plastic microELISA plate is not unam-
biguous The approaches include simple adsorption to the microELISA plate, conjugation of 
the peptide to a protein carrier (Bnand et al , 1985), direct co\alent coupling of the peptides to 
the microELISA plate (Ordronneau et al , 1991), the suithesis of a multiple antigen peptide 
s\stein (Tam and Zavala, 1989), and the use of peptides bound to supporting resins (Gevsen et 
al , 1987, Kennedv et al , 1987), respectiveK All these peptide immobilization methods ha\e 
one or more limitations associated with poor coating efficiency, complexity, high costs, time 
requirements, destruction or alteration of epitope integrity or special equipment requirements 
Recently, a new method, which expands the peptide of interest with an Ata-group or linear 
stretch of lysyl residues at the N-terminal site during peptide synthesis, was added to the list of 
piale coating techniques Most important, it lacks the disadvantages described above 
(Loomans et al, 1997) 
In order to evaluate the usefulness of this approach in immunoassay applications of medi-
cal interest, we made a comparison of different peptide presentation formats in various epitope 
mapping experiments and serodiagnosis 
By the use of parent epitope-peptides (with a free N-ternnnus) it was not possible to 
analyze the pattern of replaceability linked to retention of antibody anti-HBe4 binding in 
Fl ISA (fig 1) In contrast, the Ata-hnked peptides provided excellent replacement results and 
antibody characterization could be achieved with this method of epitope mapping Therefore, 
the peptide presentation format is apparently an important aspect of the peptide-LLISA 
results since both peptide versions do not differ in amino acid sequence Extension of the 
peptide by an Ata-group may improve the following operational ELISA parameters coating 
[ ,24] 
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efficiency (mass and/or orientation and/or conformation) and/or antibody binding efficiency 
(affinity), as discussed in Loomans et al (1997) The Ala-scan results of the epitope of mono-
clonal antibod\ anti-hCG OT-1A showed that the Ata-hnked peptide is able to compete effec-
tiveK with the equivalent peptide conjugated to BSA and can simultaneously save substantial 
time (no con|ugation procedure) and peptide amount (10-fold lower coat concentration) 
Determination of the minimal epitope length is another important part of the antibody 
characterization procedure We showed that the operational state of the peptide (m solution 
or immobilized bv a certain procedure) plavs a major role in determination of the minimal 
epitope length, already recognized b\ Van Regenmortel (1989) As coating of the (Ata-) 
peptide increased the mimmal epitope length of anti-HBe4 b) three residues (table 3) in 
comparison to solution experiments, it can be reasoned that peptide coating affects antibody 
recognition adversely Certain essential amino acid residues in the 12-, 13-, and 14-residue 
epitope, necessary for antibody binding, are probably involved in the coating process With the 
addition of extra amino acid residues for coating, these essential residues become available for 
binding to the paratope 
Increase in affinity by the N-terminally extension of an Ata-group becomes evident when 
comparing the parent and Ata-extended peptides m the competition ELISA (table 3) since in 
this solution, assay coating effects were avoided 
The Pepscan method shows the smallest epitope for anti-HBe4 despite the immobilization 
of the peptide and the presence of an N-terminal acetyl-group in stead of the more "affine" 
Ata-group (Loomans et al , 1997) This suggest that although extension of the peptide by an 
Ata-group seems to be of advantage for the antigenicity of peptides in general, the addition of 
the Ata-group at the N-terminus m this particular case could have an adverse effect since the 
residues at the N-terminal side in this epitope are essential Further ELISA experiments have 
to reveal if peptides extended by an Ata-group at the C-terminal end match or exceed the 
Pepscan results with respect to the minimal epitope length of this epitope 
In all sérodiagnostic experiments the peptide sequences, in different peptide presentation 
formats, were coated to the microELISA well Subsequently, the reactivities of HIV polyclonal 
antibodies against different HIV-peptides in various peptide presentation formats were investi-
gated Again without exception antibody detection could be performed at lower amounts of 
peptide linked to an Ata-group or lysyl-extension than the free parent peptide or BSA-conju-
gated peptide 
In order to report on sensitivity increase caused by a certain peptide presentation format, 
this peptide version has to be more efficient at the detection of antibody (i e higher 
sign.il/uoise ratio) in comparison studies performed yvith the same serum dilution From fig 4 
it is obvious that a lysyl-extension linked to the N terminal site of the peptide can increase the 
sensitivity by 10 times m peptide-based serodiagnosis 
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Determination of cross-reactivity is another important part of the evaluation of sérodiag-
nostic assays since cross-reactivity is an unwanted phenomenon when the aim is specific diag-
nostic tests The use of a synthetic peptide instead of the native antigen, however, is already a 
test for cross-reactive properties of the antibody The forces involved in cross-reactivity are the 
same as those in all protein-protein interactions and thus antigen-antibody interactions as 
well Differences in flexibility and conformation may play an important role in the antigen-an-
tibody interaction mechanism and hence the extent of cross-reactivity (Roberts et al , 199?) 
The results showed that the extent of cross-reactivity, e g the binding of serum antibodies to 
peptide sequences derived from another group within the same HIV type, varies among the 
different peptide presentation formats Possibly, the N-terminally linked peptides show higher 
flexibility and more conformational changes than BSA-coii|ugated peptides or parent peptides 
The results indicate that the new peptide presentation format can be essential for clinical 
diagnosis, especially to detect "weakly" positive sera To reduce cross-reactivity, due to struc-
tural flexibility of the peptide, the incorporation of covalent bridges into peptides, as found in 
the intact protein, suggested by Yu et al (1996), is an option alongside BSA con]ugation The 
peptide derived from an HIV-I type sequence, however, reacted positive with an HIV-2 type 
serum when con]ugated to BSA m one case 
In conclusion, N-terminal extension of (epitope)-peptides with an Ata-group or lysyl 
extension is a facile and general method for the presentation of small synthetic (epitope-) 
peptides in various immunological applications such as epitope mapping, replacement nets, 
and peptide-based serodiagnosis It generates well-defined antigens avoiding additional steps 
of conjugate production, and improves ELISA determining parameters even to the extent that 
in some cases antibody binding is restored In addition, Ata-hnking can be helpful to find the 
"real" minimal epitope length Moreover, lower amounts of peptide can be used and a higher 
sensitivity is possible when detecting antibodies in HIV-sera 
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Concluding remarks 
lor \anous reasons, of winch specificity increase is the most important, the introduction of 
small synthetic epitope-peptides as the antiboch capture in ELISA is highh desirable As 
pointed out m the previous chapters, the ELISA is a complicated process, especially when 
small peptides are used, and therefore mam factors delermine the end-point ELISA signal In 
the present stud\, we obtained a wealth of information on these individual factors 
All observations pointed to limited antibod\ binding acti\it\ and antibody affinity rather than 
poor adsorption onto the solid-phase when peptide antigens instead of the intact native 
protein were applied on the solid-phase (chapter 4) 
However, it was shown in chapter 2 that the addition of either one of two small moieties, 
an acet\l-thio-acet\l group or a linear stretch of 7-12 lysyl residues, to the N-terminal of 
epitope-peptides is responsible for a large increase in FUSA response (at least two to four 
orders of magnitude) Yet, it can be concluded (chapter 4, 5 and 6) that if a short epitope-
peptide adsorbed onto polystyrene is alread\ antigenic as such, and concentrations of 250 
μg/lnl or more are applied m the coat solution, N-termmal extension has almost no positive 
effect on adsorption activih or functional affinity (ι e the affinity measured when the Law of 
Mass Action is applied m a heterogeneous equilibrium), and accordingly the Fl ISA response 
At lower input concentrations, however, N-temunal extension of the peptides substantially 
increases adsorption, activity and functional affinity The increased antigenicity of N-termi-
nalh extended peptides in ELISA, therefore, has multiple causes 
The importance of experimental conditions approaching ELISA conditions in order to 
obtain meaningful data and draw rele\ant conclusions is demonstrated most clearly in the 
determination of affinity N-terminal extension of the peptide had almost no effect on the 
affinity constant m the BIAcore (coyalent immobilization of the peptide, chapter 4) and in a 
solution-phase equilibrium method (chapter 5) while in an ELISA-based method the affinity 
constant was improved substantially (chapter 5) These findings led to the conclusion that 
peptide adsorption to a polymer surface is essential to obtain the increase m ELISA response 
by N-terminal extension of the peptide 
[ 129 ] 
[ CONCLUSIONS ] 
We have hypothesized that both N-temnnal extensions increase adsorption through additional 
charge-transfer interactions with the polvstuene surface (chapter 2) Tins hypothesis can be 
checked, for example, with high salt concentrations A decrease of the conformational flexibil-
ity of the peptide bv both N-terminal extensions studied (Ata-group and lysyl-extension) upon 
adsorption could play a role in the increase in activitv and functional affinity However, this will 
be difficult to confirm with the currently available techniques 
The application of peptide immobilization after N-ternunal extension as described in 
chapter 2 leads to increase of sensitivity in epitope mapping and serodiagnosis (chapter 7) 
This opens possibilities to establish diagnosis at an earlier stage of infection The substantial 
reduction in the peptide concentration of the coat solution allows coating of multiple epitopes 
on the limited polystyrene surface of microtitration wells This new strategy could also simplify 
the screening of large numbers of small peptides ('high-throughput"), such as in drug screen-
ing as it avoids complex, time-consuming conjugation to proteins or synthesis as a multiple 
antigen peptide system (described in chapter 2) It moreover offers better peptides with 
respect to purity, quality and possible length beyond twelve residues than the Pepscan proce-
dure Immunoassays of nucleopeptides or even non-peptide compounds could become more 
feasible with this new approach 
[ '30] 
Summary 
One important application of antigens and antibodies, and their specific complexation is their 
use in diagnostic tests to prove infection by foreign intruders (antigens) The best differentia-
tion between positive and negative serum samples is achieved when the (protein) antigen is 
mimicked b\ a well-defined synthetic peptide since the specific interaction of the antigen and 
the antibodv onlv involves a relative small fragment of the antigen (epitope) and irrelevant 
sequences are thus omitted The de\elopment of the solid-phase s\nthesis b\ Mernfield in 
1963 permitted the use of short s\ntlietic epitope-peptides (± 5 20 residues) as antigens in 
diagnostics as well as m other areas of research 
The ELISA, the most frequenti; used immunodiagnostic assay, is based on the immobili-
zation of the antigen on a solid phase Simple adsorption of the antigen on a polvstvrene 
microtitration plate is the most common and practical method However, in contrast to most 
native protein molecules, small synthetic peptides generally show poor adsorption properties 
Moreover, subsequent antibody binding can be hampered as a result of lower activity and/or 
affinity Consequently, by the use of small synthetic peptides a higher specificity is obtained at 
[he expense of the sensitivity of the El ISA This thesis is therefore concerned with 1 the 
improvement of ELISA sensitivity when epitope-peptides are employed as antigen mimics and 
2 the measurement of various individual peptide and antibodv characteristics which deter-
mine the ELISA end-point signal For this purpose it was necessary to develop methods to 
measure adsorption, activity and affinity under ELISA conditions 
In chapter 2, a new general peptide immobilization technique is described, which involves the 
extension of small epitope-peptides (7-17 residues) with an acetvl-thio-acetyl (Ata) group or a 
lvsvl moietv at the N-terminal end of the peptides directly at their synthesis For all tested 
peptides, these particular elongations induce an enormous reduction of the peptide concentra-
tion m the coat solution of net two to four orders of magnitude in order to obtain 50% of the 
maximum ELISA signal Additional experiments indicated that, beyond a certain peptide 
length (20-27 residues), improvement of the ELISA response by N-terminal elongation is 
"limited" to a factor of 10 On the other hand, two small inactive epitope-peptides (7 and 12 
residues) gave a good ELISA response after N-terminal elongation 
[131 ] 
[ S U M M A R Y ] 
After van mg experimental conditions with respect to brandling and molecular size of the 
К svi extension, and pH of the coat solution, the best hs\l extension seems to be a linear 
stretch of 7 to 12 Ksyl residues Further experiments on the unique composition of the Ata-
group and the hs\l-cxtension revealed that analogues of the Ata-group and other basic amino 
acids (arginine and histidine), respectively can replace the components in both moieties with­
out significantk impairing the improved ELISA response Additional experiments showed that 
the LLISA response of tins new peptide immobilization technique and the multiple-antigen 
peptide system (introduced b> Tam and 7A\¿\¿ in 1989) are at least comparable Nevertheless, 
the former peptide immobilization method offers a simpler and more convenient approach, 
and the use of macromolecular carriers such as BSA or co\ aient coupling to the poh st\rene 
can be omitted Therefore, application in a wider area of immunochemical assa\s is possible 
In chapter 3 the development of an improved ELISA procedure to measure the functional 
affinity constant is described, which is validated bv the hCG/anti-hCG model This assav is 
based on the effect of antibodv affinity on the sigmoidal dose response curve using four anti-
gen coating concentrations, successively decreased bv a factor of two, and an antibody dilution 
series The calculation method is analogous to the formula derived bv Beatlv et al (J Immu-
nol Methods (1987)100, 173), derived from the Law of Mass Action Experimental condii ions, 
however, are substantially changed in order to meet the underlying assumptions The coating 
conditions now involve a non-competitive procedure including exact dilutions bv a factor of 
two of the antigen coated on the polystyrene surface, as verified by the use of gold labeled 
colloidal particles and a physical count of the bound particles under the scanning electron 
microscope Monovalent binding of the monoclonal antibody to the antigen under dynamic 
equilibrium conditions is also ensured Hence, functional affinity determination becomes 
meaningful under ELISA conditions The higher affinity constants of four monoclonal anti-
hCG antibodies obtained by this affinity procedure in comparison to the DASP procedure 
(complexation m solution) support the idea that, presumably as a result of hvbndoma screen-
ing, monoclonal antibodies prefer the immobilized antigen to the antigen m solution 
In chapter 4, the applicability of two real-time monitoring techniques, reflectometry and 
surface plasmon resonance for analyzing several immunoassay factors is demonstrated The 
adsorption of the antigen onto a polystyrene surface and the subsequent binding of antibodv is 
followed in the reflectometer as a function of time Surface plasmon resonance (through the 
BIAcore instrument) offers possibilities to measure the association and dissociation rate 
constant of the reaction between antibodv and covalently immobilized antigen Both tech-
niques, however, are sub|cct to two concessions with respect to FLISA conditions, (1) in the 
reflectometer, the amount of peptide molecules can only be determined at high peptide 
[ ,32 
concentrations in ihe coat solution (250 Mg/nil) since the measured quantity is bound mass, 
and (2) m the BIAcore instrument the antigen must be immobilized covalentH 
Comparative antigen studies have been conducted with two small epitope-peptides (7 
residues), the ßCTP/СЮО combi-peptide (41 residues) and the hCG protein N-terminal 
extension of the epitope-peptides b\ an Ata-group, (Lvs)7 or a (Gl))e residue has been evalu­
ated as well The highest adsorbed mass is observed for the hCG protein (1 8 nig/m2), 
compared to the combi-peptide (0 9 mg/m2) and the parent epitope-peptides (0 6-0 7 mg/m2) 
With respect to molar surface density, however, the ranking is reversed N-terminal extension 
of the epitope-peptides has onk minor (adverse) effects on peptide adsorption 
Activity of the adsorbed antigens, assaved b\ the bound antibody mass, improves as the 
molecular antigen size increases, ranging from 1% to a maximum of 32% for hCG In contrast 
to all the elongated versions of peptide 1A, the parent peptide 1A is not recognized at all bv 
the specific monoclonal antibody when adsorbed to the polvstvrene surface This result clearly 
indicates that not adsorption but actmtv, is responsible for the non-reactivity of parent peptide 
IA in ELISA, shown in chapter 2 In the case of peptide ЗА, onh N-terminal extension bv the 
l\s\l-moiet\ has a positive effect on activity 
The affinity constants for the N terminally extended peptides and the parent peptides 
obtained with the BIAcore instrument showed similar values, m the order of 107 M 1 The 
affinity constant for the native protein antigen yvas two orders of magnitude higher, which 
results entirely from slower dissociation of the antibody from the hCG protein For covalenti) 
immobilized peptide 1A, antibody binding is, as in the reflectometer, only observed when the 
peptide is N terminally elongated 
Moreover, an alternative affinity ranking method has been developed in which rebinding 
effects, normally present in BIAcore experiments, are limited by the addition of hCG during 
dissociation For all peptides, measured with this competition method as opposed to "stan­
dard" affinity measurements in the BIAcore, similar affinity ranking implies that only the solid-
phase state of the antigen (ι e covalent coupling) determines functional kinetics in the 
BIAcore and not limited diffusion of antibodies 
In spite of the experimental 'limitations' (high dense coat or covalent coupling), both 
real-time instruments are valuable tools in immunoassay development 
In chapter 5 and 6, these experimental limitations have been avoided by the development of 
FLISA-based methods to measure the influence of adsorption, activity and affinity separately 
In chapter 5 the influence of binding capacity and affinity on the improved ELISA response of 
N-terminally extended epitope-peptides is determined Binding capacity turned out to be 
improved by more than three orders of magnitude when the epitope-peptides were elongated 
with an Ata-group or (Lvs)- extension at their N-terminal 
[ '33 ] 
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To compare antibody affinity, a liquid phase equilibrium FUSA method and a solid-phase 
equilibrium ELISA method were used, based on Fnguet et al (1985) and the method 
described in chapter 3, respective!) N-terminal extension has almost no effect on the affinit) 
constants when the complex is formed in solution However, functional affinit), measured 
when the antigen becomes adsorbed on a polvstvrene surface, is enhanced by a factor of 40 to 
600 as a result of N-terminal elongation of the epitope-peptides Consequently, it can be 
concluded that the enhancing effect in ELISA response b\ N-terminal extension with an Ata-
group or l)syl extension results from surface effects The affinity constants determined at 
equilibrium in solution are in the order of 102 - 10' M ' In the solid phase method the affinity 
constants ranged from 10' to 10s M ' These findings support the earlier conclusion (drawn in 
chapter 2), that affinity determined b\ a method in which the antigen has been immobilized is 
generally higher than that obtained by solution phase methods 
Chapter 6 deals with the adsorption properties of peptide ЗА, either N-termmally linked with 
an Ata- or (Lys)7-moiety or without an N-terminal extension All peptides are tritium-labeled 
to determine to yvhat extent iniproyed adsorption contributes to the increase m binding 
capacity (see chapter 5) under standard ELISA conditions and oyer a broad range of peptide 
concentrations in the coat solution At relatively high concentrations (comparable to the input 
concentration in the reflectometer), N-termmal extension lias only minor effects on peptide 
ЗА adsorption, adsorbed masses were 0 2, 0 4 and 0 6 mg/m2 for the lysvl extended peptide 
(maximum plateau value) the parent peptide, and the Ata-extended peptide, respectively At 
low input concentrations (below 0 1 μηιοΐ/ΐ), hoyyeyer, the packing density of the Ksyl peptide 
was up to 25 times higher than the parent peptide The improved adsorption of the Ata-pep-
tide was constant over the broad range of concentrations (factor 2 to 3) A significant lower 
increase m ELISA response and binding capacity of both N-terminally extended peptides of 
low purity (due to limited experimental conditions) compared to the same peptides of high 
punt) (results described in chapter 2) suggest that the extent of improved adsorption may be 
higher when peptides of high punt) are used 
In conclusion, adsorption improvement by the use of N-terminallv extended peptides is an 
essential factor in the increase of binding capacity and thus in the improved ELISA response 
Chapter 7 demonstrates the applicability of Ata- and lysvl peptides m epitope-mapping 
experiments and serodiagnosis A comparative studv of Ata-extended peptides and the corre­
sponding peptides con]ugated to BSA gave roughly the same alanine-replacement results for 
the determination of essential amino acid residues m the epitope sequence These results 
confirm the idea that BSA conjugation can be ayoided 
Determination of the minimal epitope length and the alanine-replacement stud) with 
various epitope-peptides (derived from the Hepatitis В virus and hCG) showed that the use of 
[ '«J 
N-terminal linking of Hie epitope-peptide by an Ata-group is preferable since the parent 
equivalents are not immunoreactive at all or the length of the parent peptides has to be 
increased substantially m order to give satisfactory ELISA responses The minimal length of 
the epitope-peptides differed between solution experiments and ELISA experiments with 
adsorbed peptides These observations imply that the experimental conditions of epitope-
mappmg procedures including N-temnnal linking influence epitope-mapping results 
This same conclusion is valid for the extent of cross-reactivity in serodiagnosis, as indicated 
b\ the results of two different experiments (1) the binding of serum antibodies to peptide 
sequences derived from another group within the same HIV type, varies among the different 
peptide presentation formats, since the lysyl peptide showed a substantial increase in ELISA 
response over the parent peptides and Ata-extended equivalents, and (2) the crossieactivity of 
HIV I and HIV-2 positive sera against a peptide derived from the V3-loop of the POC-isolate 
(HIV I, group O) presented in three different versions ( the BSA coniugate, the Ata- and the 
l\s\l extended equivalent) were substantially larger for both the N-terminally extended 
peptides Possibly, N-terminally extended peptides show a higher conformational flexibility 
towards antibods binding than BSA-coii]ugated peptides or parent peptides 
For the lysyl peptide, specific (non-cross-reactive) serodiagnosis experiments yielded a 
signal/noise ratio 10 times higher than that of the parent peptide, indicating increase m sensi-
tivity In addition, all immunoassay experiments have been performed at roughly ten times 
lower amounts of N-terminalh extended peptides in the coat solution compared to the parent 
peptides or the BSA con|ugated peptides 
In conclusion, on the basis of the investigations reported m this thesis, it may be expected 
that N-termmallv extended peptides indeed will be the "third generation" antigens that will 
widen the applicability of ELISA techniques in medical and veterinary diagnosis as well as in 
other areas of (industrial) research 
[ 135 ] 
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Samenvatting 
Antigenen en antihchamen zijn belangrijke spelers m ons afweersysteem Antigenen dringen 
nameli|k als lichaamsvreemde stoffen in de vorm van virussen, bacteriën, schimmels of parasie-
ten het nienseli|k lichaam binnen Het immuuns\steem probeert ons hiertegen te beschermen 
\ia de aanmaak van antihchamen die specifiek de verschillende antigenen herkennen en er een 
binding mee aangaan Deze complexvorming leidt tot verdere imniuunreacties die het 
vreemde antigeen onschadeli|k maken 
Een andere belangrijke toepassing van deze specifieke complexvorming vinden we terug in 
mimuundiagnostische testen In de ELISA (enzun-gelabelde immunosorbent assay), verreweg 
de meest gebruikte immuundiagnostische test, kan de aanwezigheid van specifieke antihcha-
men (tegen bijvoorbeeld HIV) in het serum van de patient worden aangetoond Een positief 
resultaat bevestigt de aanwezigheid van het ziekte-verwekkende pathogeen Een belangrijke 
voorwaarde in de ELISA is dat er een al dan niet kunstmatig antigeen geimmobihseerd wordt 
aan het test-oppervlak (de pokstvreen wand van een microtiterplaat) Dit geschiedt meestal 
door het in contact brengen van de antigeen-oplossing met het oppervlak waardoor een spon-
tane hechting (adsorptie) van het antigeen aan deze \aste fase ontstaat Het (kunstmatige) 
antigeen kan zijn een eiwit-molecuul (het complete antigeen), een pok-peptide (een specifiek 
kleiner gedeelte van het antigeen), of een epitoop-peptide (het kleinst inogeh]ke gedeelte van 
liet antigeen dat specifiek bindt aan het antilichaam) In het laatste geval is het onderscheid 
tussen positieve en negatieve serunimonsters (oftewel de specificiteit) in de ELISA-test opti-
maal omdat a-specifieke binding \an het antilichaam aan het antigeen wordt voorkómen Ech-
ter het gebruik van epitoop-peptiden in plaats \an eiwit-moleculen gaat wel ten koste van de 
hoogte \an het ELISA-signaal (gevoeligheid) Dit kan mogelijk drie oorzaken hebben (1) het 
proces van adsorptie ("coating") van het peptide aan de pokstvreen wand verloopt gebrekkig, 
of (2) het geadsorbeerde peptide herkent het antilichaam met meer (verstoring activiteit), of 
(3) de bindingssterkte tussen het peptide en het antilichaam (affiniteit) is laag 
Dit promotie-onderzoek had daarom als doel (1) verbetering van de gevoeligheid van de 
ELISA als een epitoop-peptide gebruikt wordt als coatingmateriaal, en (2) bepaling van de 
verschillende factoren (peptide- en antilichaam eigenschappen) die het ELISA (eindpunt)-sig-
naal beïnvloeden Hiertoe was het noodzakelijk om nieuwe meetmethoden te ontwikkelen die 
relevante data betreffende adsorptie, activiteit en affiniteit onder ELISA-condities opleveren 
[ 1 3 7 ] 
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In hoofdstuk 2, wordt een nieuwe peptide immobihsatie-techniek beschreven waarin epitoop-
peptiden tijdens de synthese N-temiinaal verlengd worden met een acet\l-thio-acetvl (Atj) 
groep of een extensie bestaande uit lysine residuen, en vervolgens geadsorbeerd worden aan de 
polystyreen wand Het bleek mogeh]k om bi] alle geteste epitoop-peptiden (7-17 aminozuurre 
siduen) de peptideconcentratie in de coatoplossing twee tot vier logeeiiheden omlaag te bren 
gen om de gewenste 50% van het maximum ELISA-signaal te bereiken Vervolg-expenmenten 
toonden aan dat vanaf een bepaalde peptide-lengte (20-27 residuen) de verbetering van de 
ELISA respons "beperkt" bleef tot een factor 10 Daar tegenover staat dat twee kleine epitoop-
peptiden (7 en 12 residuen), die inactief waren na adsorptie, weer een (goede) ELISA-respons 
gaven na N-terminale verlenging 
Na het variëren van de experimentele omstandigheden zoals \ertakking van de hsine-ex-
tensie, pH van de coatoplossing en moleculaire grootte bleek de meest optimale hsine-extensie 
te bestaan uit 7 tot 12 lineair gerangschikte Usine residuen De samenstelling van de Ata-groep 
en de lysine-extensie bleek niet uniek te zijn, Ata analoga en andere basische aminozuurresi-
duen respectieveh|k konden de componenten uit beide extensies vervangen zonder noemens-
waardig verlies van de ELISA-respons Aamullende experimenten lieten zien dat de ELISA 
respons verkregen met deze nieuwe peptide ïinmobilisatie-techniek en met het niulti-antigeeii 
peptide systeem (in 1989 geïntroduceerd door lam and Zavala) op zi|n minst vergeh|kbaar 
zi|n Echter de eerst genoemde techniek is aanzienlijk minder complex, waardoor toepassing in 
een breder gebied van de immunochemie voor de hand ligt 
In hoofdstuk 3 wordt in detail de ontwikkeling \an een verbeterde bepaling beschreven waar-
mee het mogeh|k is om functionele affiniteit te nieten (d wz antigeeii-antihchaam complex-
vorming na antigeenimmobihsatie) Deze bepaling is gevalideerd met behulp van het 
hCG/anti-hCG model De procedure is gebaseerd op de invloed van affiniteit op de dosis-re-
pons curve in de ELISA, waarbij in de test gebruik wordt gemaakt van vier seriële tweevoudige 
verdunningen van het antigeen in de coatoplossing en een reeks antilichaamconcentraties De 
berekening van de affiniteitsconstante is analoog aan de formule afgeleid \jn de Wet van Mas 
sawerking door Beattv et al (J Immunol Methods (1987) 100, 173) De experimentele 
omstandigheden in deze verbeterde methode zijn echter aanzienlijk veranderd om te kunnen 
voldoen aan de onderliggende veronderstellhngen behorende bij de Wet van Massawerking De 
veranderingen betreffen onder andere de coating, die nu geschiedt op een niet-competitieve 
manier, waardoor exact halverende antigeenconcentraties op het polystueen oppervlak 
geadsorbeerd worden Dit is geverifieerd door telling \an het aantal gebonden colloidale goud-
deeltjes aan gecoat hCG met behulp van de scanning electronenmicroscoop Ook 
monovalente binding van het monoklonale antilichaam aan het gecoate antigeen onder 
[ '»] 
d\Hämische evenwichtscondities is nu gewaarborgd Deze verbeteringen maken bepaling van 
de functionele affiniteit onder ELISA omstandigheden zinvol 
De affiniteitsconstanten van vier monoklonale anti-hCG antihchamen, bepaald met deze 
verbeterde methode, zi|n duideh|k hoger in vergeh]king met de resultaten van de DASP-proce-
dure (antigeen-antihchaam complexvorming in oplossing) Deze affiniteitsverschillen zouden 
\erklaard kunnen worden door het feit dat monoklonale antihchamen geselecteerd worden met 
behulp van gecoat antigeen (hybridoma-screening) 
In hoofdstuk 4 wordt de toepasbaarheid van twee "real-time" monitoring technieken, reflec-
tometrie and surface plasmon resonance voor de analyse van de verschillende ELISA-faktoren 
onderzocht In de reflectometer wordt de adsorptie van verschillende antigenen aan een poly-
styreen oppervlak en de binding van het antihchaam aan geadsorbeerd antigeen (activiteit) 
gevolgd als functie van de ti|d Surface plasmon resonance (met behulp van het BIAcore 
instrument) biedt de mogelijkheid om de associatie- en dissociatie snelheidsconstanten van de 
reactie tussen (covalent gebonden) antigeen en antihchaam te bepalen De technieken hebben 
de volgende nadelen met betrekking tot ELISA-condities, (1) in de reflectometer kan alleen de 
hoeveelheid geadsorbeerd peptide bepaald worden bi| hoge input concentraties (250 μg/ml), 
en (2) in de BIAcore moet het antigeen covalent geimmobihseerd worden 
In de adsorptie-studie in de reflectometer wordt de grootste hoeveelheid geadsorbeerde 
massa waargenomen bi] het hCG eiwit (1 8 mg/m2), in vergelijking tot het combipeptide 
PC'IP/CIOO (0 9 mg/m2, 41 residuen) en alle epitoop-peptiden, al dan niet N-terminaal 
\erlengd met een Ata-groep of (L\s)- of (Gl\)8 extensie (0 6-0 7 mg/m2) Echter met betrek­
king tot de molaire oppervlakte-bezetting is de volgorde omgekeerd 
De activiteit van het geadsorbeerde antigeen, bepaald door de hoeveelheid gebonden anti-
lichaam m de reflectometer, verbetert naarmate het moleculaire gewicht van het antigeen 
toeneemt, variërend van 1% tot maximaal 32% voor hCG Ook wordt duideh|k dat met 
adsorptie aan pohstueen maar verlies van activiteit de oorzaak is van de afwezigheid van een 
respons van peptide IA in de ELISA (beschreven m hoofdstuk 2) 
In de BIAcore laten alle epitoop-peptiden, inclusief de verlengde peptiden, vergelijkbare 
affiniteitsconstanten zien, in de orde van 107 M ' De Kaff's van beide anti-hCG antihchamen 
OT-3A en OT-1A voor hCG waren twee logeenheden hoger, geheel veroorzaakt door langza-
mere dissociatie Net als in de reflectometer, wordt binding van het specifieke antihchaam aan 
covalent gebonden peptide IA alleen waargenomen als het peptide N-terminaal verlengd is 
Vervolgens is er een alternatieve procedure ontwikkeld om antigeen/antilichaam complexen 
te kunnen rangschikken op basis van affiniteit waarin "rebmding"-effccten beperkt worden 
door toevoeging van hCG tijdens de dissociatie fase Voor de peptiden, gemeten met behulp 
van deze competitie-methode, leverde dit een zelfde rangschikking op als de "standaard" affi-
niteitsmetingen in de BIAcore Dit betekent dat de functionele kmetiek, gemeten met behulp 
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van de BIAcore, alleen bepaald wordt door de ruimtelijke structuur van het geimmobihseerde 
antigeen (na covalente ïmniobilisatie) en niet door de aanwezige diffusie-beperkingen voor bet 
antilichaam 
Ondanks de experimentele beperkingen met betrekking tot de ELISA-condities zijii beide 
"real-time" instrumenten echter een waardevolle aanvulling bij de ontwikkeling van immu-
noassays ze verschaffen directe informatie over kritische factoren die aan de basis staan van 
immunoassays 
In hoofdstuk 5 en 6 worden de bovengenoemde experimentele beperkingen vermeden door op 
ELISA-gebaseerde methoden te ontwikkelen waarmee de invloed \an adsorptie, activiteit en 
affiniteit afzonderlijk gemeten kan worden 
In hoofdstuk 5 wordt de invloed van de affiniteit en de bindingscapaciteit (adsorptie en 
activiteit samen) bepaald op de verhoogde ELISA-respons van N-terminaal verlengde epitoop-
peptiden IA en IA De bindingscapaciteit bleek meer dan drie logeenheden verbeterd te zijn 
na N-terminale verlenging van de epitoop-peptiden met een Ata-groep of lysine extensie 
Om affiniteit te vergeleken werden twee affiniteitsbepalingen gekozen op basis van het 
ELISA-principe éen waarbij het gewenste peptide-antilichaam complex m oplossing tot stand 
komt (homogeen evenwicht) en een waarbi| het peptide geadsorbeerd wordt (heterogeen 
evenwicht), respectievelijk gebaseerd op de methode van Friquet et al (1985) en de methode 
beschreven in hoofdstuk 3 N-terminale verlenging bh|kt nauwelijks effect te hebben op de 
affiniteitsconstanten als het peptide-antilichaam evenwicht in oplossing bereikt wordt Daar-
entegen is de functionele affiniteit, waarbij het peptide geadsorbeerd is aan de pol\st\reen 
wand, met een factor 40 tot 600 verbeterd na N-terminale verlenging van de epitoop-peptiden 
Dit leidt tot de conclusie dat N-terminale verlenging \an de peptiden een positief effect heeft 
op de ELISA-respons via oppervlakte-effecten 
De affiniteitsconstanten bepaald in de homogene evenwichtsmethode zijn in de orde van 
102 - 10' M ' Bi| de heterogene evenwichtsmethode vaneren de affiniteitsconstanten tussen de 
10' en 108 M ' Deze resultaten ondersteunen de eerder getrokken conclusie (hoofdstuk 3) dat 
een affiniteitsmethode die gebruik maakt van antigeemmmobilisatie in het algemeen hogere 
affiniteitsconstanten oplevert dan affiniteitsbepahngen waarbi| zowel anligeen als antilichaani 
in oplossing zijn 
Hoofdstuk 6 beschrijft de adsorptie-eigenschappen \an peptide ЗА, zonder N-terminale 
verlenging en met N-terminale verlenging door een Ata-groep of Ksine-extensie Alle peptiden 
werden met tritium gemerkt om onder ELISA-condities en over een breed bereik van peptide­
concentraties te kunnen bepalen in welke mate adsorptie bi|draagt aan de verhoogde bindings­
capaciteit van N-termmaal verlengde peptiden (beschreven in hoofdstuk 5) Bij relatief hoge 
concentraties (vergelijkbaar met de inputconcentratie m de reflectometer) heeft N-terminale 
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verlenging nauwelijks enig effect op de hoeveelheid geadsorbeerde massa van peptide ЗА 0 2, 
0 4 en 0 6 mg/m2 voor lysine-peptide ЗА, peptide ЗА en Ata-peptide ЗА, respectievelijk Echter 
bi) lage ïnputconcentraties (onder 0 1 μηιοΐ/l) is deze hoeveelheid een factor 25 hoger voor 
lvsine-peptide ЗА De adsorptieverbetering van liet Ata-peptide ЗА bedraagt een factor 2 tot 3 
over het hele bereik van peptide-concentraties 
De significant lagere ELISA-respons en de bindingscapaciteit van deze (onzuivere) N-ter­
minaal verlengde peptiden ten opzichte van zuivere N-terminaal verlengde peptiden (resulta­
ten beschreven m hoofdstuk 2) zi|n een duideh]ke aanwi|zmg dat de mate van 
adsorptieverbetering groter geweest zou ζφι als in deze adsorptie-studie peptiden met een 
hogere zuiverheid gebruikt hadden kunnen worden 
Tenslotte wordt in hoofdstuk 7 de toepasbaarheid van Ata- en lvsine-peptiden in epitoopmap-
ping-expenmenten en serodiagnose gedemonstreerd 
Een studie waarbij de omervangbaarheid van aminozuren m de epitoopsequentie wordt 
bepaald door vervanging van aminozuren met alanine, laat voor zowel Ata-pcptiden als voor 
dezelfde peptiden geconjugeerd aan BSA globaal genomen dezelfde resultaten zien Dit resul­
taat bevestigt het idee dat voor kleine peptiden BSA-conjugermg niet noodzakelijk is 
Onderzoek naar de minimale epitoop-lengte en alanine-vervanging van andere epitoop-
peptiden (afkomstig van het hepatitis В virus en hCG) toonde aan dat N-terminale verlenging 
van de peptiden met een Ata-groep de voorkeur heeft omdat de niet-verlengde peptiden of 
niet immuunreactief waren of substantieel verlengd moesten worden om een behoorlijke 
ELISA-respons te geven Naast N-terminale verlenging, vaneerde de minimale epitoop-lengte 
ook door de manier waarop het betreffende peptide werd getest, namelijk na adsorptie of m 
oplossing 
Deze conclusie is ook geldig voor de mate van kruis-reactiviteit in serodiagnose, gezien het 
resultaat van de twee volgende experimenten (1) Binding san serumantihchamen, specifiek 
voor peptidesequenties van een andere groep binnen hetzelfde HIV-Hpe, bleek afhankeh|k van 
de wijze van peptide presentatie Het hsme-peptide geeft namelijk een substantiële verhoging 
van de ELISA-respons ten opzichte van de niet-verlengde en de Ata-peptiden (2) De kruis-re-
activiteit van HIV-I and HIV-2 positieve sera voor een peptide sequentie afkomstig van de V3-
loojj van het POC-isolaat (HIV-I, groep O) was duidelijk groter voor het Ata- en lysine-peptide 
dan voor het BSA-gecoiijugeerde peptide Mogeh|k hebben N-terminaal verlengde peptiden 
een hogere conformationele flexibiliteit met betrekking tot antilichaambindmg dan niet-ver-
lengde of BSA-geconjugeerde peptiden 
Het Ksine-peptide behaalde in specifieke (niet kruis-reactieve) experimenten een tien keer 
hogere signaal/ruis verhouding ten opzichte \an het niet-verlengde peptide, wat duidt op een 
verhoging van de gevoeligheid Daarnaast konden alle experimenten uitgevoerd worden met 
peptideconcentratics m de coatoplossmg die globaal genomen tien keer lager waren voor de N-
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terminaal verlengde peptiden ten opzichte van de met-verlengde en de BSA-gecoii|ugeerde 
peptiden 
Op grond van de in dit proefschrift beschreven studie mag verwacht worden dat N-terminaal 
verlengde peptiden de nieuwe generatie antigenen zullen worden die de toepasbaarheid van de 
ELISA-techniek in de medische en veterinaire diagnostiek, maar ook in andere gebieden van 
(industriële) research, zal vergroten 
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